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ABSTRACT 
Although cast-in-place concrete structural walls have good lateral stiffness and strength, 
significant damage to concrete structural walls has been observed in past earthquakes. 
For a cast-in place concrete wall, softening of the lateral stiffness can be caused by 
yielding of the longitudinal steel reinforcement and nonlinear response of the concrete in 
compression. In addition, a cast-in-place concrete wall may have significant residual drift 
after an earthquake, which may hinder the immediate use and occupancy of a building 
with cast-in-place structural walls after an earthquake. This study addresses this potential 
limitation of cast-in-place concrete walls by using unbonded post-tensioned steel within a 
cast-in-place concrete wall.  
This study focuses on unbonded post-tensioned (UPT) cast-in-place concrete walls. A 
UPT concrete wall is expected to have good self-centering response (with little residual 
drift), good ductility, and significant energy dissipation capacity. Experimental and 
numerical studies on UPT cast-in-place concrete walls were performed.  
The experimental results show that the lateral load response of UPT cast-in-place 
concrete walls exhibits excellent self-centering response and energy dissipation capacity. 
Experimental results also show that UPT cast-in-place concrete walls are able to undergo 
large deformations before failure and at the drift level reached under the DBE, the 
damage in the walls was not serious.  
Numerical models of UPT concrete walls were developed and calibrated with 
experimental results. Numerical analyses, including pushover analyses and nonlinear 
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dynamic time history analyses were performed, demonstrating that UPT concrete walls 
perform well under the design basis earthquake and maximum considered earthquake. 
Incremental Dynamic Analyses (IDA) were performed. Using IDA results, prototype 
buildings which use the UPT concrete walls developed in this research are shown to 
satisfy the collapse prevention criteria of FEMA P695 (2009). Results from IDA indicate 
that UPT concrete walls could be designed with an R value larger than 6, and still satisfy 
the collapse prevention criteria of FEMA P695 (2009). 
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CHAPTER 1 
INTRODUCTION 
1.1 OVERVIEW 
The use of reinforced concrete structural walls as the lateral force resisting system in a 
building is quite common since these walls offer large lateral stiffness and strength in the 
direction of loading. The construction of concrete walls includes both cast-in-place 
concrete and precast concrete. 
There have been many earthquakes in which building structures that include concrete 
structural walls survived without collapse. Nonetheless, significant damage can be 
observed in these walls. Softening in a cast-in-place concrete wall, for example, can be 
caused by yielding of steel reinforcement and/or nonlinear response of concrete in 
compression. In addition, a cast-in-place concrete wall could have significant residual 
drift after a seismic event. This may hinder the immediate use and occupancy of the 
building after the earthquake. These potential limitations of cast-in-place concrete walls 
are addressed using post-tensioned steel in this study. 
Figure 1-1 is an illustration of a typical cast-in-place ACI-compliant (ACI 318-11 (ACI 
2011)) wall, an unbonded post-tensioned (UPT) precast concrete wall, and an UPT hybrid 
precast concrete wall. Included in this figure is an idealization of the base moment versus 
lateral drift response of each wall. The UPT precast concrete wall (Figure 1-1(b)) 
represents construction similar to the precast wall with post-tensioned steel for self-
centering studied by Kurama et al. (1996), Kurama (1997), Perez et al. (2003), Perez et 
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al. (2004), and Perez et al. (2007). The UPT hybrid precast concrete wall (Figure 1-1(c)) 
represents construction similar to the precast concrete wall with post-tensioned steel for 
self-centering and with additional steel reinforcement for energy dissipation (Holden et 
al. 2003; Restrepo and Rahman 2007; Smith et al. 2010). 
The structural wall in Figure 1-1(a) is a conventional cast-in-place concrete wall with 
longitudinal steel reinforcement extending into the foundation (as per ACI 318-11 (ACI 
2011)), but without post-tensioned steel. As lateral force is applied, concrete cracking 
occurs, and the wall softens due to yielding of the steel reinforcement and non-linear 
stress-strain concrete response in compression. After the seismic event, the wall is likely 
to have some residual lateral drift. However, it can be seen in the expected base moment 
versus lateral drift curve that yielding of the longitudinal steel reinforcement provides 
energy dissipation, which could reduce the overall drift, but ultimately extensive damage 
to the wall is expected. 
Figure 1-1(b) is an UPT precast wall with post-tensioned steel for self-centering that 
extends from the top of the wall to the foundation, but without longitudinal steel 
reinforcement extending into the foundation. Under earthquake loading, larger drifts may 
be expected, compared to a cast-in-place concrete wall because of the reduced energy 
dissipation. After the seismic event, residual drift is virtually zero. However, the expected 
moment versus lateral drift curve shows no energy dissipation. This is due to the lack of 
longitudinal steel reinforcement crossing the horizontal joint between the base precast 
panel and the foundation. Nonetheless, with adequate concrete confinement, minimum 
damage in the wall is expected. 
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Figure 1-1(c) is an UPT hybrid precast concrete wall with post-tensioned steel that 
extends from the top of the wall to the foundation with longitudinal steel reinforcement 
extending into the foundation. As the lateral force is applied, drifts are reduced by the 
energy dissipation provided by the longitudinal steel reinforcement and residual lateral 
drift is reduced by the post-tensioned steel. After a seismic event, residual drift is 
virtually zero and damage to the wall is minimal. As shown in the expected moment-
lateral drift curve, this hybrid system provides for life safety through ductility, and energy 
dissipation, and the reduction of residual drift allows for immediate occupancy after the 
seismic event. 
This study focuses on UPT cast-in-place concrete walls. A UPT cast-in-place concrete 
wall is a cast-in-place concrete wall with longitudinal steel reinforcement extending into 
the foundation (as per ACI 318-11 (ACI 2011)) and unbonded post-tensioned steel that 
extends from the top of the wall to the foundation. This wall is expected to have 
improved self-centering response compared to a conventional reinforced concrete wall 
and to have significant energy dissipation capacity. 
1.2 RESEARCH OBJECTIVES 
The objectives of this study are to investigate the lateral load response of UPT cast-in-
place concrete walls and to assess the collapse performance of buildings that incorporate 
UPT cast-in-place concrete walls as the main lateral force resisting system. The walls are 
designed according to ACI 318-11 (ACI 2011) and ASCE 7-10 (ASCE 2010). 
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1.3 RESEARCH APPROACH 
To achieve the above objectives, this study includes the following tasks: 
1. Perform literature review on previous experimental results on cast-in-place 
concrete walls, UPT precast concrete walls, and UPT hybrid precast concrete 
walls. 
2. Design several reduced scale UPT cast-in-place concrete walls following the 
recommendation of ACI 318-11 (ACI 2011) and ACI ITG-5.1-07 (ACI 2007) and 
develop numerical models to predict the response of these UPT cast-in-place 
concrete walls under lateral cyclic load. 
3. Develop an experimental program for testing reduced scale UPT cast-in-place 
concrete walls. 
4. Perform quasi-static cyclic tests on the reduced scale UPT cast-in-place concrete 
walls and evaluate the results of the experiments. 
5. Develop a calibrated numerical model approach for UPT cast-in-place concrete 
walls and validate the resulting models using the experimental results. 
6. Design prototype UPT cast-in-place concrete walls according to ACI 318-18 (ACI 
2011) and ASCE 7-10 (ASCE 2010) that will be used for studying the collapse 
capacity of buildings that use UPT cast-in-place concrete walls as the lateral force 
resisting system. 
7. Develop numerical model of the prototype UPT cast-in-place concrete wall 
structures based on the calibrated numerical model approach in task 5 and 
perform a preliminary study on several different parameters of the prototype wall 
structures. 
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8. Perform nonlinear dynamic time history analysis under Design Basis Earthquake 
(DBE) and Maximum Considered Earthquake (MCE), Incremental Dynamic 
Analysis (IDA), pushover analyses, and collapse assessment of the prototype UPT 
cast-in-place concrete wall structures. 
9. Prepare a summary and conclusions of the study and provide recommendations 
for future research on UPT cast-in-place concrete walls. 
1.4 ORGANIZATION OF DOCUMENT 
The remainder of this document is divided into nine chapters following the above 
research approach. 
Chapter 2 summarizes the relevant previous experimental work on cast-in-place concrete 
walls, UPT precast concrete wall, and UPT hybrid precast concrete walls. Chapter 2 also 
summarizes the collapse assessment methodology according to FEMA P695 (FEMA 
2009). 
Chapter 3 describes the development of potential test walls and the development of 
numerical model of the walls. The development of potential test walls follows an iterative 
design procedure and the design of the walls was based on recommendations in ACI 318-
11 (ACI 2011) and ACI ITG-5.1-07 (ACI 2007). 
Chapter 4 describes the experimental program, which includes experimental setup, 
instrumentation and data acquisition, material testing, and loading history. 
Chapter 5 presents the experimental results for three reduced scale UPT cast-in-place 
concrete walls. Observed limit states in the walls during the experiments are presented. 
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Discussions as well as comparisons are made among the walls and between the 
experimental results and the analytical and numerical model predictions. 
Chapter 6 presents the development of a calibrated numerical wall model approach 
applies to two walls from the experiment program. The calibrated numerical wall model 
approach was validated using the experimental results. The development of calibrated 
numerical wall model approach includes definitions of the wall geometry, material 
model, and failure models. Validation of the calibrated numerical wall model approach 
includes comparisons of the numerical results to the experimental results. 
Chapter 7 presents the design of the full-scale prototype UPT cast-in-place concrete walls 
that includes the definition of prototype building structures, the design of prototype 
buildings, and the design of full-scale prototype walls. 
Chapter 8 presents numerical models for the prototype wall structures and a preliminary 
study on the effect of certain parameters on the prototype wall responses. The results and 
conclusions of the preliminary study are given. 
Chapter 9 presents nonlinear time history analyses of the prototype wall structures. 
Ground motion selection and scaling are presented in addition to a discussion of the 
collapse criteria. Results from nonlinear time history analyses of the prototype wall 
structures under the Design Basis Earthquake (DBE) and Maximum Considered 
Earthquake (MCE) are presented. Results from Incremental Dynamic Analysis (IDA) and 
pushover analyses of the prototype wall structures are presented. Collapse assessment 
results for the prototype wall structures are presented. 
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Finally, Chapter 10 presents a summary and the conclusions of the study. Research 
findings are presented and original contributions are highlighted. Recommendations are 
given for future study of UPT cast-in-place concrete walls. 
1.5 NOTATION 
The notation used in this study is as follows: 
2Nf = number of half cycles to failure 
A = effective shear cross sectional area 
Acv = gross area of concrete section bounded by web thickness and length 
of section in the direction of shear force considered (ACI 318-11) 
Ag =  gross cross sectional area 
Ap =  cross sectional area of post-tensioned steel 
C0 = coefficient relating fundamental-mode (SDOF) displacement to roof 
(MDOF) displacement of an index archetype model (FEMA P695) 
Cd = material constant (Coffin 1971; Manson 1965) 
Cf = material constant (Coffin 1971; Manson 1965) 
Cs = seismic response coefficient (ASCE 7-10) 
Cs
5st
 = seismic response coefficient for 5-story prototype structure 
Cs
10st
 = seismic response coefficient for 10-story prototype structure 
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Ct = building period coefficient (ASCE 7-10) 
Cu = coefficient for upper limit on calculated period (ASCE 7-10) 
c = neutral axis depth  
D = dead load 
Df = damage index  
db = diameter of steel reinforcement 
E = earthquake load 
Ec = modulus elasticity of concrete 
Ed = energy dissipation of each loading cycle from experimental 
hysteresis plot 
Ed,max = cumulative energy dissipation of loading cycles from experimental 
hysteresis plot 
Eps = modulus of elasticity of post-tensioned steel 
Eps
nom = nominal modulus of elasticity of post-tensioned steel (28000 ksi) 
Epsh = strain hardening modulus of post-tensioned steel 
Es = modulus elasticity of steel reinforcement 
Esh = strain hardening modulus of steel reinforcement 
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F = lateral force acting on the wall 
Fa = short-period site coefficient (ASCE 7-10) 
Fx = portion of the seismic base shear, V, induced at level x (ASCE 7-10) 
Fv = long-period site coefficient (ASCE 7-10) 
fc
 ′
 = compressive strength of unconfined concrete 
fcc
 ′
 = compressive strength of confined concrete 
fcce
 ′
 = expected compressive strength of confined concrete 
fce
 ′
 = expected compressive strength of unconfined concrete 
fci,p = initial concrete stress due to post-tensioned force (Perez et al. 2007) 
fpi = initial prestress in post-tensioned steel 
fpu = ultimate strength of post-tensioned steel 
fpu
nom
 = nominal ultimate strength of post-tensioned steel 
fpy = yield strength of post-tensioned steel 
fpy
nom
 = nominal yield strength of post-tensioned steel 
fr = modulus of rupture of concrete 
ft = tensile strength of steel reinforcement 
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fue = expected ultimate strength of steel reinforcement 
fy = yield strength of steel reinforcement 
fye = expected yield strength of steel reinforcement 
G = shear modulus 
g = constant acceleration due to gravity 
H = load due to lateral earth pressure, ground water pressure, or pressure 
of bulk materials (ASCE 7-10) 
Hcr = wall critical height 
Heff = effective resultant height of dynamic force along the height of 
structure 
Hf = height of the applied schematic equivalent lateral force from the base 
of the wall 
Hpour = height of concrete pour during wall construction in the laboratory 
Hw = total height of the wall 
hn = structural height used in determining approximate fundamental 
period of structure (ASCE 7-10) 
Kdeg = degrading shear stiffness of shear failure element (Leborgne and 
Ghannoum 2013) 
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Kelastic = elastic shear stiffness of shear failure element (Leborgne and 
Ghannoum 2013) 
L = live load 
Lse = elastic development length of longitudinal steel reinforcement of the 
wall into the foundation 
Lsp = plastic development length of longitudinal steel reinforcement of the 
wall into the foundation 
Lsy = yield development length of longitudinal steel reinforcement of the 
wall into the foundation  
Lw = wall length 
M = base moment (F Hf) 
Mccc = base moment at the crushing of confined concrete (Srivastava et al. 
2013) 
Md = design moment based on equivalent lateral force procedure 
Mdec = base moment at the limit state of decompression (Srivastava et al. 
2013) 
Mell = base moment at the limit state of effective linear limit (Srivastava et 
al. 2013) 
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Mfms = base moment when farthest longitudinal steel reinforcement bar(s) 
reaches its ultimate strength (Srivastava et al. 2013) 
Mllp = base moment when farthest post-tensioning steel begins to yield in 
tension (Srivastava et al. 2013) 
Mn = nominal moment 
Mn,fullscale = nominal moment of full scale wall (Mn,scaled (SF)
3) 
Mn,scaled = nominal moment of scaled wall  
Myms = base moment when farthest longitudinal steel reinforcement bar(s) 
begin to yield in tension (Srivastava et al. 2013) 
m = mass at each floor level 
NMi = normalization factor for the i
th record of the set of interest (FEMA 
P695) 
P = gravity load on the lean-on column 
PGVi = peak ground velocity of i
th record based on the geometric mean of 
the two horizontal components considering different orientations 
(FEMA P695) 
Pp = post-tensioned force in post-tensioned steel  
Ppi = initial post-tensioned force in post-tensioned steel 
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Ppi total = total initial post-tensioned force in the wall 
PPProp = post-tensioned force in post-tensioned steel at limit of 
proportionality 
Ppy_n = nominal yield force of post-tensioning steel 
Ptrw = gravity load in the prototype wall numerical model 
R =  response modification coefficient (ASCE 7-10) 
S = snow load 
Sad(Tj) = design spectral acceleration at period Tj with Tj ∈ (0.2T1…1.5T1) 
Sagmi(Tj) = 5 percent damped response spectrum of ground motion i at period Tj 
with j ∈ (0.2T1…1.5T1) 
SCT = random variable representing collapse level earthquake, 5 percent 
damped, spectral response acceleration at the fundamental period, T, 
of the building (FEMA P695) 
SD1 = design, 5 percent damped, spectral response acceleration parameter 
at a period of 1 s (ASCE 7-10) 
SDS = design, 5 percent damped, spectral response acceleration parameter 
at short periods (ASCE 7-10) 
SF10st = length scale factor for 10-story prototype wall 
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SF5st = length scale factor for 5-story prototype wall 
SFk = scale factor of median 5 percent damped response spectra used in 
dynamic analysis of prototype structure 
SM1 = the MCER, 5 percent damped, spectral response acceleration 
parameter at a period of 1 s adjusted for site class effects (ASCE 7-
10) 
SMS = the MCER, 5 percent damped, spectral response acceleration 
parameter at short periods adjusted for site class effects (ASCE 7-10) 
SMT = MCE, 5 percent damped, spectral response acceleration at the 
fundamental period, T, of the building as defined in ASCE 7-10 
(FEMA P695) 
ŜNRT = median value of normalized record set, 5 percent damped, spectral 
response acceleration at the fundamental period, T, of the building 
(FEMA P695) 
SS = mapped MCER, 5 percent damped, spectral response acceleration 
parameter at short periods (ASCE 7-10) 
Ss = slip of longitudinal steel reinforcement along the development length 
Sy = yield slip of longitudinal steel reinforcement along the development 
length 
s = hoop spacing 
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T = the fundamental period of building, Cu Ta, used in design and 
collapse assessment of prototype wall (ASCE 7-10) 
T1 = the fundamental period of building, as determined by eigenvalue 
analysis of the structural model (FEMA P695) 
Ta = approximate fundamental period of the building (ASCE 7-10) 
tw = wall thickness 
U = ultimate load 
ue = elastic bond stress 
up = plastic bond stress 
V@Mn =  shear at nominal moment  
V@Mn,scaled = shear at nominal moment of scaled wall 
Vb = base shear (Smith et al. 2010) 
Vc = shear strength contribution from concrete 
Vd = design based shear based on equivalent lateral procedure 
VdMn = design shear at nominal moment 
Vmax = maximum lateral force of the fully-yielded seismic force-resisting 
system (FEMA P695) 
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Vn = nominal shear strength (ACI 318-11) 
Vr = residual shear strength of shear failure element (Leborgne and 
Ghannoum 2013) 
Vs = shear strength contribution from mild steel reinforcement 
vu,max = ultimate shear stress (Thomsen and Wallace 1995) 
W = effective seismic weight of the structure 
x = level under consideration, 1 designates the first level above the base 
(ASCE 7-10) 
Zd = constant used in calculating cumulative strength degradation  
αb = ratio to account for the difference in intermediate stress resulting 
from different utilization of hardening model (Dhakal and Maekawa 
2002) 
αc = coefficient defining the relative contribution of concrete strength to 
nominal wall shear strength (ACI 318-11) 
αLF = material constant (Coffin 1971; Manson 1965) 
β = material constant (Coffin 1971; Manson 1965) 
βNewmark = coefficient in Newmark beta integration scheme 
βTOT = total system collapse uncertainty (FEMA P695) 
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γ = load factor (ASCE 7-10) 
γNewmark = coefficient in Newmark beta integration scheme 
Δ = lateral displacement on the wall at loading point 
Δwd = design-level drift (Smith et al. 2010) 
Δwu =  failure-level drift (Smith et al. 2010)  
δu = roof displacement used to approximate the ultimate displacement 
capacity of the seismic force-resisting system, as derived from 
pushover analysis (FEMA P695) 
δy,eff = effective roof displacement used to approximate full yield of the 
seismic force-resisting system, as derived from pushover analysis 
εc = strain of concrete 
εcc = strain of confined concrete 
εcu = ultimate compressive strain of confined concrete 
εp = plastic strain amplitude 
εpsf = fracture strain of post-tensioned steel 
εr_n = nominal concrete cracking strain 
εs = strain of steel reinforcement 
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εsf = fracture strain of steel reinforcement  
εsy_n = average yield strain from tensile test of steel reinforcement 
ηPtotal = normalized total vertical force in the wall 
Θ = drift 
Θccc = drift of the wall at the crushing of confined concrete (Srivastava et 
al. 2013) 
Θccr_o = drift of the wall at observed flexural concrete cracking 
Θdec = drift of the wall at the limit state of decompression (Srivastava et al. 
2013) 
Θell = drift of the wall at the limit state of effective linear limit (Srivastava 
et al. 2013) 
Θfms = drift of the wall when farthest longitudinal steel reinforcement 
reaches its ultimate strength (Srivastava et al. 2013) 
Θfms_o = drift of the wall at observed fracture of longitudinal steel 
reinforcement 
Θllp = drift of the wall when farthest post-tensioned steel begins to yield in 
tension (Srivastava et al. 2013) 
Θllp_n = drift of the wall at nominal yielding of post-tensioned steel 
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Θspl_o = drift of the wall at observed concrete spalling 
Θyms = drift of the wall when farthest longitudinal steel reinforcement begin 
to yield in tension (Srivastava et al. 2013) 
Θyms_n = drift of the wall at yielding of longitudinal steel reinforcement 
θ3 = total rotation in the wall at a height of 33 inch above wall base 
θ4 = total rotation in the wall at a height of 60 inch above wall base 
θ = curvature of fiber force-based beam-column element (FBCE) 
κZLSE = curvature of zero length section element (ZLSE) 
λ = modification factor reflecting the reduced mechanical properties of 
lightweight concrete, all relative to normal weight concrete of the 
same compressive strength (ACI 318-11)  
λSR = cumulative strength degradation 
μT = period-based ductility of an index archetype model (FEMA P695) 
ρ = redundancy factor (ASCE 7-10) 
ρ
l
 = ratio of longitudinal steel reinforcement in the wall 
ρ
t
 = ratio of transverse steel reinforcement in the wall 
σ = axial stress in the longitudinal steel reinforcement 
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ϕ
1,r
 = ordinate of the fundamental mode in the direction of interest at the 
roof (FEMA P695) 
ϕ
1,x
 = ordinate of the fundamental mode in the direction of interest at level 
x (FEMA P695) 
ϕ
f
 = strength reduction factor for flexure 
ϕ
SR
 = strength loss factor per cycle which is the ratio of strength 
degradation of two subsequent cycles loaded to the same 
displacement level 
ϕ
v
 = strength reduction factor for shear (0.75) 
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(a) Conventional cast-in-place wall and base moment-lateral drift curve 
 
(b) Unbonded post-tensioned precast concrete wall and base moment-lateral drift 
curve 
      
(c) Unbonded post-tensioned hybrid precast concrete wall and base moment-lateral 
drift curve 
Figure 1-1 Illustration and schematic hysteresis of conventional cast-in-place wall, 
unbonded-post-tensioned precast concrete wall, and unbonded post-
tensioned hybrid precast concrete wall 
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CHAPTER 2 
BACKGROUND 
This chapter summarizes relevant previous experimental work that has been performed 
on cast-in-place reinforced concrete walls, UPT precast concrete walls, and hybrid 
precast concrete walls. Only planar rectangular walls are presented since this research 
project deals with walls having such a shape. In addition, a brief description of collapse 
assessment following the methodology in FEMA P695 (2009) that is used later in 
Chapter 9 is given.  
2.1 CAST-IN-PLACE REINFORCED CONCRETE WALLS 
Cast-in-place reinforced concrete walls are frequently used in building systems for lateral 
load resistance and gravity load bearing. This type of wall is considered a conventional 
wall since the wall is constructed by casting concrete on the cage of reinforcement steel, 
without post-tensioned steel.  
Birely (2013) has summarized lateral load test results for cast-in-place reinforced 
concrete walls with different shapes which are in compliance with the ACI 318-11 (ACI 
2011) requirements. Since the walls in this research were designed to comply with ACI 
318-11 (ACI 2011) requirements, several relevant experimental results which are 
described in Birely (2013) are briefly described here. 
 25 
 
2.1.1 Thomsen and Wallace (1995, 2004) 
Thomsen and Wallace (1995, 2004) tested two, approximately one quarter scale, 
rectangular walls, RW1 and RW2. The walls were subjected to quasi-static lateral load. 
Only RW2 complied with ACI 318-11 (ACI 2011) requirements, therefore, only this wall 
will be described. The test wall was 144 inch high, 48 inch wide, and 4 inch thick. The 
cross section and the test setup of RW2 are shown in Figure 2-1 and Figure 2-2, 
respectively. The axial load level in this wall was approximately 0.07Agfc
 ′
.  
Figure 2-3 shows the lateral force and lateral drift response of RW2. The wall has stable 
hysteresis loops until the first cycle of 2.5% drift. The wall also showed significant 
energy dissipation capacity that is indicated by a large area under the hysteresis loop. It is 
also clear that significant residual drift can be observed when the wall was at zero lateral 
force. The wall failed due to buckling and fracture of longitudinal steel reinforcement in 
the boundary elements in addition to the significant deterioration of confined concrete in 
the boundary elements as shown in Figure 2-4.  
2.1.2 Dazio et al. (1999, 2009) 
Dazio et al. (1999, 2009) tested six rectangular walls, designated as WSH1, WSH2, 
WSH3, WSH4, WSH5, and WSH6, under quasi-static lateral load. Among these walls, 
only walls WSH3, WSH5, and WSH6 complied with ACI 318-11 (ACI 2011). The test 
walls were 78.7 inch wide and 5.9 inch thick. For walls WSH3 and WSH5, the height 
was 179.5 inch, and was 177.9 inch for wall WSH6. Cross sections of these walls are 
shown in Figure 2-5 and the setup of the experiment is depicted in Figure 2-6. Axial load 
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levels were approximately 0.06Agfc
 ′
, 0.13Agfc
 ′
, and 0.11Agfc
 ′
 for WSH3, WSH5, and 
WSH6, respectively.   
Lateral force and drift responses of the walls are shown in Figure 2-7. Behaviors of 
WSH3 and WSH6 were characterized by large energy dissipation capacity and large 
residual drift shown in the hysteresis plots. As for WSH5, pinching behavior was 
observed in the hysteresis plot where the energy dissipation and the residual drift in the 
wall were not as large as those in WSH3 and WSH6. The maximum lateral drifts that 
WSH3, WSH5, and WSH6 underwent before failure were 2.0%, 1.4%, and 2.1%, 
respectively.  
The observed failure mode in WSH3 was buckling and fracture of longitudinal steel 
reinforcement in the boundary elements. WSH5 failed due to buckling and fracture of 
longitudinal steel reinforcement in the boundary and web elements. As for WSH6, failure 
was due to fracture of confinement steel reinforcement in the boundary elements. Figure 
2-8 shows the states of damage in the test walls at failure.  
2.1.3 Birely (2013) 
Four rectangular walls, designated as PW1, PW2, PW3, and PW4, were tested by Birely 
(2013). The test walls were 144 inch high, 120 inch long, and 6 inch wide. Cross sections 
of these walls are shown in Figure 2-9. Axial load levels in wall PW1, PW3, and PW4 
were 0.10Agfc
 ′
 and it was 0.15Agfc
 ′
 in wall PW2. During the test, moment and shear force 
were applied to the walls as shown in Figure 2-10. 
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Figure 2-11 shows the lateral force and drift responses of PW1, PW2, PW3, and PW4, 
respectively. The maximum lateral drifts sustained by the walls were 1.5%, 1.5%, 1.0%, 
and 1.0% for PW1, PW2, PW3, and PW4, respectively. In general, all walls show large 
energy dissipation capacity and residual drift.  
Figure 2-12 presents the damage conditions of PW1, PW2, PW3, and PW4, respectively. 
Wall PW1 failed due to buckling and fracture of longitudinal steel reinforcement in the 
boundary elements. Wall PW2 failed due to excessive buckling of longitudinal steel 
reinforcement and crushing of confined concrete in the boundary elements. Wall PW3 
failed due to crushing of web concrete and buckling of longitudinal steel reinforcement 
and crushing of confined concrete in the boundary elements. Wall PW4 failed due to 
buckling of longitudinal steel reinforcement and crushing of confined concrete in the 
boundary elements. 
2.1.4 Tran and Wallace (2012) 
Tran and Wallace tested five rectangular cast-in-place concrete walls, designated as RW-
A20-P10-S38, RW-A20-P10-S63, RW-A15-P10-S51, RW-A15-P10-S78, and RW-A15-
P2.5-S64. The test walls were 48 inch long and 6 inch wide and the heights of each wall 
depended on the designed aspect ratios. The variables in the test walls were aspect ratio 
(e.g., 2 [A20]), axial load (e.g., 0.10Agfc
 ′
 [P10]), and shear stress level (e.g. 3.8√fc
 ′
 psi 
[S38]). Reinforcement steel details in the walls and cross sections of the walls are shown 
in Table 2-1 and Figure 2-13, respectively. These walls were subjected to quasi-static 
lateral force as shown in Figure 2-14. 
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Figure 2-15 shows the lateral force and drift responses of the walls. All walls reached 3% 
drift before they failed. Significant energy dissipation capacity and residual drift were the 
characteristics of the walls. Figure 2-16 shows the damage in the walls at failure. RW-
A20-P10-S38 failed due to diagonal tension failure with fractured of transverse steel 
reinforcement in the web. RW-A20-P10-S63 failed due to concrete crushing and buckling 
of longitudinal steel reinforcement in the web and boundary elements. RW-A15-P10-S51 
failed by buckling of longitudinal steel reinforcement and crushing of confined concrete 
in the boundary elements that triggered diagonal tension failure along major crack in the 
wall web where some of the transverse steel crossing the crack fractured. Failure of RW-
A15-P10-S78 was due to shear sliding, followed by out-of-plane buckling of the 
boundary elements. RW-A15-P2.5-S64 failed due to shear sliding with buckling of 
longitudinal steel reinforcement in the boundary elements. 
2.1.5 Discussion 
Based on these experimental results for cast-in-place reinforced concrete walls, several 
characteristic behaviors are observed. First, the softening of the cast-in-place reinforced 
concrete wall is due to damage in the wall such as concrete cover spalling at the boundary 
elements, the formation of flexural and flexural-shear cracks in the wall, yielding of 
longitudinal steel reinforcement, and nonlinear response of concrete in compression. 
Second, as this damage progresses, energy dissipation in the wall increases especially as 
more of the longitudinal steel reinforcement yields. Significant residual drift after the 
wall unloads from a large drift. Residual drift is a product of the reduced capacity of the 
wall to close the cracks in the wall and to yield the longitudinal steel reinforcement in 
compression to eliminate residual deformation from yielding of the reinforcement in 
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tension. Finally, failure in the wall can be expected as the wall is loaded to large drifts. 
Failure can be caused by crushing of concrete in the boundary and web elements, 
buckling and fracture of longitudinal steel reinforcement, shear sliding, and diagonal 
tension.   
2.2 UNBONDED POST-TENSIONED PRECAST CONCRETE WALLS  
An UPT precast concrete wall is constructed by post-tensioning precast concrete wall 
panel using UPT steel. Kurama et al. (1999) investigated the behavior of this type of wall 
under lateral load through an analytical study. The study showed that the nonlinear 
behavior of this wall is characterized by the gap opening along the horizontal joints and 
the wall has ability to soften and undergo large nonlinear lateral displacements. The study 
also explained the advantages of using UPT steel and showed softening of the wall by 
gap opening instead of damage to the reinforcement and concrete. A UPT precast 
concrete wall has nonlinear-elastic behavior which results in a self-centering response 
(upon unloading from a large nonlinear displacement the wall returns back towards its 
original position with little residual displacement).  Inelastic straining of the post-
tensioning steel can be limited, and thus the loss in the initial post-tensioning force that 
occurs during loading cycles beyond the yielding state can be controlled. The following 
sections describe the experimental work that validated the behavior of rectangular UPT 
precast concrete wall under quasi-static and dynamic loads. 
2.2.1 Perez et al. (2003, 2004, 2007, 2013) 
Perez et al. (2003, 2004, 2007, and 2013) tested five UPT precast walls, TW1, TW2, 
TW3, TW4, and TW5. Each test wall consisted of four wall panels, a loading block, a 
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filler panel, and an extension panel as shown in Figure 2-17. As shown in Figure 2-18, 
the test walls were 100 inch long and 6 inch wide. The unbonded length of the post-
tensioned steel was 390 inch and the height of the actuator (loading point) measured from 
the top of the foundation block was 284.75 inch. Table 2-2 shows the test matrix of the 
experimental work. TW1 was loaded monotonically while the rest of the walls were 
loaded cyclically. The areas of post-tensioned steel were the same, 7.5 in2, for TW1, 
TW2, TW3, and TW4. For TW5 the post-tensioned steel area was a half the area in the 
other walls, 3.75 in2.  Initial post-tensioned steel stresses in TW1, TW2, TW3, and TW5 
were 0.553 fpu and it was 0.277 fpu in TW4 where fpu is the ultimate strength of post-
tensioned steel. The initial compression stresses in the walls due to prestressing were 1.19 
ksi for TW1, TW2, and TW3, and 0.59 ksi for TW4 and TW5. Spiral transverse 
reinforcement was used in the boundary elements of TW1 and TW2 and hoop 
reinforcement was used in the boundary elements of TW3, TW4, and TW5. Similar post-
tensioned steel arrangements were used in TW1, TW2, TW3, and TW4. 
Figure 2-19 shows the lateral force and drift responses of the test walls. The maximum 
drift reached by TW1 was 3.48%. Figure 2-20 shows the condition of TW1 before 
failure, where significant gap opening at the base of the wall was observed. The wall 
failed by crushing of the confined concrete in the boundary element. TW2 reached 3% 
drift before it failed. It can be seen that the wall has small energy dissipation capacity and 
very small residual drift. Excellent nonlinear elastic behavior can be seen in the hysteresis 
plot. Two modes of failure were observed in TW2, namely crushing of the confined 
concrete and buckling of confined concrete region as shown in Figure 2-21.  
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The characteristic behaviors of TW3, TW4, and TW5 were small energy dissipation 
capacity and excellent self-centering capacity (very small residual drift) as shown in 
Figure 2-19. The maximum drift reached by TW3, TW4, and TW5 were 2.74%, 3.59%, 
and 6%, respectively. The failure mode for TW3 and TW4 was crushing of the confined 
concrete as shown in Figure 2-22. For TW5, no failure was observed as the wall reached 
6% drift. 
2.2.2 Priestley et al. (1999) 
Priestley et al. (1999) tested a large-scale five-story precast concrete building constructed 
to 60 percent scale. The building comprised of four different ductile structural frame 
systems in one direction of response and a jointed structural wall system in the 
orthogonal direction as shown Figure 2-23. Figure 2-24 shows the structural wall that 
consisted of four precast panels, each two and a half stories tall. The panels were 
connected across horizontal joints to each other and to the foundation by unbonded 
vertical post-tensioning, using threaded bars. A horizontal connection across the vertical 
joint was provided by stainless steel energy dissipating U-shaped flexural plates, welded 
to plates embedded in the adjacent wall panels. In addition to providing energy 
dissipation, these plates provided additional lateral resistance by shear-coupling of the 
two adjacent wall panels. 
The measured displacement response history of the building in the wall direction under 
input earthquake load is shown in Figure 2-25. The displacement response appears to be 
dominated by a first mode deformation pattern, with displacements at different floor 
levels approximately proportional to the height at all times, oscillating around the central 
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axis. Figure 2-26 shows overall hysteretic characteristics of the building in the wall 
direction. It plots the moment-displacement response under an earthquake load. It is clear 
that the energy dissipated by the wall is considerable and it has low residual drift as 
identified by the large solid circle. 
2.2.3 Discussion 
Based on the experimental results for UPT precast concrete walls it can be seen that 
softening in the wall is primarily due to opening of the joint interface at the wall base. 
The energy dissipation in UPT precast concrete walls is small compared to that in cast-in-
place reinforced concrete walls. This is due to the lack of a yielding element in the wall 
(e.g., steel reinforcement). Compared to cast-in-place reinforced concrete walls, less 
damage can be observed in UPT precast concrete walls after being loaded to large drift. 
Priestley et al. (1999) showed that improvement in energy dissipation capacity of the wall 
was achieved by incorporating external energy dissipation elements. Self-centering of 
UPT precast concrete walls is better than that of cast-in-place reinforced concrete walls 
due to the elastic behavior of the UPT steel. Failure of UPT precast concrete walls is due 
to crushing of confined concrete that is preceded by fracture of the hoop or spiral 
reinforcement in the boundary elements.  
2.3 HYBRID PRECAST CONCRETE WALLS 
A hybrid precast concrete wall is an UPT hybrid precast concrete wall with post-
tensioned steel that extends from the top of the wall to the foundation with longitudinal 
steel reinforcement extending into the foundation. The following summarizes several 
experimental studies of hybrid precast concrete wall.  
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2.3.1 Holden et al. (2003) 
Holden et al. (2003) investigated seismic performance of precast reinforced concrete 
walls and prestressed concrete walls with UPT steel experimentally.  Two walls were 
tested: (1) a precast reinforced concrete wall, shown in Figure 2-27, designed to emulate 
a cast-in-place reinforced concrete wall; and (2) a precast prestressed concrete wall, 
shown in Figure 2-28, that incorporated the use of carbon fiber prestressing tendons, steel 
fiber reinforced concrete and tapered energy dissipating bars. The walls were 157.5 inch 
high, 53.2 inch long, and 4.9 inch wide. Figure 2-29 shows the setup of the experiments. 
Figure 2-30 shows the lateral force and drift response hysteresis plots of the two test 
walls. The emulation wall performed very well in terms of the ductility capacity and 
energy dissipation, reaching 2.5% drift before significant strength degradation occurred, 
however, large residual drift was observed. On the other hand, the precast prestressed 
wall achieved drift levels well in excess of 3% with no visible damage to the wall panel 
prior to failure. As shown in Figure 2-30, this wall has much less energy dissipation 
compared to the emulation wall but has good self-centering capability under large drift 
(very small residual drift).  
2.3.2 Restrepo and Rahman (2007) 
Restrepo and Rahman (2007) performed an experimental study of precast concrete 
jointed wall system that relies on unbonded prestressing tendons as a connection 
mechanism. Three precast concrete walls were tested. The walls were 176.6 inch high, 
53.2 inch long, and 4.9 inch wide. The steel reinforcement is shown in Figure 2-31. 
Figure 2-32 shows the reinforcement details and details of the concrete confinement at 
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the toes of the walls. Energy dissipators in the form of mild steel were included in Units 2 
and 3. Additional axial load was applied to Unit 3. The test units were subjected to quasi-
static reversed cyclic loading.  
Lateral force and drift responses of the walls are shown in Figure 2-33. The hysteretic 
response of Unit 1 shows typical nonlinear elastic response of a UPT precast concrete 
wall. It self-centers very well with less energy dissipation. The response is dominated by 
the opening of gaps at the wall base. Unit 2 shows a very good response in terms of self-
centering and energy dissipation capability. Limited initial stiffness degradation can be 
seen as the wall is pushed to large amplitude. The response of Unit 3 is very stable and 
shows excellent self-centering characteristics. Every cycle with larger amplitude results 
in initial stiffness degradation. 
2.3.3 Smith et al. (2010) 
Smith et al. (2010) conducted an experimental study of hybrid walls. The lateral force 
response of a 0.4-scale hybrid precast concrete wall specimen was studied under reversed 
cyclic lateral loading. Figure 2-34 shows experimental setup of the test wall. Two precast 
concrete panels were used in the wall and the base panel was 96 inch high, 57.4 inch 
long, and 6.25 inch wide. The unbonded length of the post-tensioned steel was 216 inch 
and the height of loading point was 144.1 inch. Longitudinal steel reinforcement was 
utilized for energy dissipation and the steel reinforcement was unbonded near the bottom 
of the base panel.  
Figure 2-35 shows the lateral force and drift response of the wall. The maximum lateral 
drift achieved by the wall was 1.9% before the wall failed due to crushing of the confined 
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concrete in the boundary elements as shown in Figure 2-36. The wall showed excellent 
self-centering capacity and increase in energy dissipation capacity.  
2.3.4 Discussion 
Experimental results for hybrid precast concrete walls showed that the walls soften due to 
spalling of concrete cover and opening of the joint at the base of the walls. The causes of 
softening are similar to those of UPT precast concrete walls. Energy dissipation in hybrid 
precast concrete walls is greater than that of UPT precast concrete walls. Significant 
increases in energy dissipation in hybrid precast concrete walls is from including an 
energy dissipation element (e.g., steel reinforcement). The energy dissipation in a hybrid 
precast concrete wall is less than that of a conventional cast-in-place reinforced concrete 
wall. Excellent self-centering capacity (very small residual drift) of hybrid precast 
concrete walls is observed after being subjected to large lateral drift and this 
characteristic is similar to that observed for UPT precast concrete walls. The self-
centering capacity of a hybrid precast concrete wall is better than that of a cast-in-place 
reinforced concrete wall. It is noted that less damage in a hybrid precast concrete wall is 
observed after being loaded to large lateral drift. Failure in the hybrid precast concrete 
wall is mainly due to crushing of confined concrete which is similar to that in UPT 
precast concrete wall.  
The structural wall that is studied in the present research is a cast-in-place reinforced 
concrete wall that incorporates UPT steel. The objective of including UPT steel is to 
provide softening through gap opening, instead of damage, as well as self-centering. This 
type of wall has been used in several different projects and an example of the design and 
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application can be found in Panian et al. (2007). In design practice, this type of wall is 
designed as special reinforced concrete wall per ACI 318-11 (ACI 2011) Chapter 21.  
A UPT cast-in-place concrete wall is expected to have large energy dissipation through 
cracking of concrete and yielding of reinforcement steel (similar to the cast-in-place 
reinforced concrete wall) and improved self-centering capacity due to the axial force 
provided by the UPT steel.  
For two UPT cast-in-place concrete walls that are designed to have approximately similar 
strength but different post-tensioned force, it is expected that different characteristics will 
be observed.  
The wall with a high post-tensioned force is expected to have less residual drift since 
post-tensioned steel force helps to close concrete cracks in the wall and to yield the 
longitudinal steel reinforcement in compression. Nonetheless, a high post-tensioned force 
in the wall might cause earlier failure of the longitudinal steel reinforcement (buckling 
and fracture) which will reduce the strength and stiffness of the wall. A wall with a low 
post-tensioned force is expected to have more residual drift since it has less tendency to 
close concrete cracks in the wall and to yield the longitudinal steel reinforcement in 
compression. In addition, it is expected that a wall with a low post-tensioned force will 
have a larger amount of longitudinal steel reinforcement, which will provide more energy 
dissipation than a wall with a high post-tensioned force. The expected behavior of UPT 
cast-in-place concrete walls, in terms of energy dissipation and self-centering response, 
suggests that the characteristic behavior of this type of wall falls between the 
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characteristic behaviors of cast-in-place reinforced concrete walls and hybrid precast 
concrete walls.  
2.4 COLLAPSE ASSESSMENT 
In the present study, a collapse assessment of prototype buildings with UPT cast-in-place 
concrete wall as the main lateral force resisting system is performed, as described in 
Chapter 9. The assessment follows the methodology presented in FEMA P695 (2009). 
The aim of the assessment is to assess the applicability of trial response modification 
factors, R, to the seismic design of UPT cast-in-place concrete walls. Two R factors, 5 
and 7, will be assessed in this study. The following is a brief description of the major 
steps involve in the assessment. 
A collapse assessment based on FEMA P695 (2009) involves: “(1) development of 
system concept; (2) obtaining required information; (3) characterization of behavior; (4) 
development of model; (5) analyzing models; (6) evaluation of performance; and (7) 
documentation of results.” The development of the system concept according to FEMA 
P695 (2009) includes definition of “construction materials used for lateral load resisting 
system, system configuration, inelastic dissipation mechanisms, and intended range of 
application.” For UPT cast-in-place concrete walls, the construction materials consist of 
concrete, reinforcement steel, and post-tensioned steel. These walls are configured as 
cantilever walls that are incorporated into the building structure (intended for low-rise to 
mid-rise buildings) and designed to have a plastic hinge that form only at the base of the 
wall.  
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The required information for the collapse assessment includes information on the basis of 
detailed design of the lateral force resisting system, and results of tests of materials, 
components, and the building system. According to FEMA P695 (2009), “comprehensive 
design provisions are developed for the system within the context of the seismic 
provisions of ASCE/SEI 7-05 (ASCE 2005) and other applicable standards.” In the 
present study, prototype UPT cast-in-place concrete walls are designed based on ACI 
318-11 (ACI 2011) and ASCE 7-10 (ASCE 2010). The results of the tests on materials, 
components, and systems are meant to be used to characterize the strength, stiffness, and 
ductility of the materials, components, and systems. This information is used in nonlinear 
modeling of the structures for assessing the probability of collapse. In this study, material 
tests include tests of concrete cylinders in compression and steel reinforcement in 
tension. The component tests, include the tests of scaled UPT cast-in-place concrete walls 
under quasi-static cyclic load.  
In the assessment process, characterization of the system behavior is done through 
classification of the prototype structures according to several different criteria. FEMA 
P695 (2009) suggests the following criteria for assigning a particular character to the 
prototype structures: “(1) seismic design category; (2) building height; (3) fundamental 
period; (4) structural framing configurations; (5) framing bay sizes or wall lengths; (6) 
magnitude of gravity loads; (7) and member connection design and detailing 
requirements.” It is noted in FEMA P695 (2009) that only the framing system that is part 
of the lateral load resisting system is included in the prototype structures. 
Once the prototype structures have been defined and designed, the nonlinear model of the 
prototype structure can be developed. The nonlinear model should include to the extent 
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possible all failure modes in the structure that could cause collapse. It is noted in FEMA 
P695 (2009) that “it is not always possible (practical)” to include all failure modes and 
therefore a methodology is included in FEMA P695 (2009) to assess collapse due to non-
simulated failure modes. Additionally, the nonlinear model should include seismic mass 
and P-Δ effects, and should be calibrated based on test results of material, component, or 
assembly.  
In the analysis stage of the assessment process, the nonlinear model is analyzed under 
nonlinear monotonic static load (pushover analysis) and nonlinear dynamic load 
(nonlinear time history analysis (NLTHA)). FEMA P695 (2009) states that results of the 
pushover analysis and NLTHA are used “for validating the system overstrength and 
ductility capacity and for assessing median collapse capacities and collapse margin 
ratios,” respectively. Incremental Dynamic Analysis (IDA) (Vamvatsikos and Cornell 
2002) of the nonlinear model is performed using an available set of ground motion 
records described in FEMA P695 (2009). Based on the IDA results, a cumulative 
distribution function of collapse can be determined which is used to determine the 
collapse margin ratio. 
Data from nonlinear (static and dynamic) analyses are used to evaluate the collapse 
performance of the prototype structures. In this study, the performance of structures 
designed using the trial R factors are evaluated and the results indicate the applicability of 
the R factors. It is noted that to account for uncertainties in the collapse assessment 
process, a total uncertainty factor is included in the assessment. This factor, based on 
FEMA P695 (2009), takes into consideration four sources of uncertainties, namely, “(1) 
record-to-record uncertainty; (2) design requirements-related uncertainty; (3) test data-
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related uncertainty; and (4) modeling uncertainty.” The collapse margin ratio from the 
IDA is adjusted to take into account the special characteristic of extreme ground motions. 
This adjustment can be large for structure having large ductility and fundamental period. 
The adjusted collapse margin ratio is then compared to the acceptable collapse margin 
ratio of 10% probability of collapse under maximum considered earthquake (MCE) 
ground motions. By satisfying this requirement, a trial R value used in the design of the 
prototype structures is deemed acceptable for seismic design of the prototype structures.  
The final step in the collapse assessment is to document the assessment results. The 
documentation is used for peer review and approval of the proposed lateral force resisting 
system to be adopted in the code or standard for general use in design and construction. 
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Table 2-1  Steel reinforcement details (Tran and Wallace 2012) 
 
 
 
Table 2-2  Test matrix (adapted form Perez et al. 2007) 
 
 
3x=bar and o=no bar in locations shown in 
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Figure 2-1  Cross section of RW2 (adapted from Thomsen and Wallace 2004) 
 
 
 
Figure 2-2  Test setup (Thomsen and Wallace 2004) 
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Figure 2-3  Lateral force versus drift (Thomsen and Wallace 1995) 
 
 
 
 
Figure 2-4  Damage in RW2 at 2.5% drift (Thomsen and Wallace 2004) 
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Figure 2-5  Cross sections of WSH3, WSH5, and WSH6 (adapted from Dazio et al. 
2009) 
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Figure 2-6  Test setup (Dazio et al. 2009) 
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Figure 2-7  Lateral force versus drift (adapted from Dazio et al. 2009) 
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Figure 2-8  Damage in test walls (adapted from Dazio et al. 2009) 
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Figure 2-9  Cross sections of test walls (adapted from Birely 2013) 
 
PW1 PW2 
PW3 PW4 
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Figure 2-10  Test setup (Birely 2013) 
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Figure 2-11  Lateral force versus drift (adapted from Birely 2013) 
 
PW1 PW2 
PW3 PW4 
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Figure 2-12  Damage in test walls (adapted from Birely 2013) 
 
PW1 PW2 
PW3 PW4 
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Figure 2-13  Typical cross section of test wall (Tran and Wallace 2012) 
 
 
 
Figure 2-14  Test setup (Tran and Wallace 2012) 
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Figure 2-15  Lateral force versus drift (adapted from Tran and Wallace 2012) 
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Figure 2-16  Damage in test walls (adapted from Tran and Wallace 2012) 
RW-A20-P10-S38 RW-A20-P10-S63 
RW-A15-P10-S51 RW-A15-P10-S78 
RW-A15-P2.5-S78 
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Figure 2-17  Test setup (Perez et al. 2004) 
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Figure 2-18  Test setup and cross sections of test walls (Perez et al. 2004) 
 
Elevation Cross sections 
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Figure 2-19  Lateral force versus drift (adapted from Perez et al. 2004) 
 
TW1 TW2 
TW3 TW4 
TW5 
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Figure 2-20  Damage in TW1 (adapted from Perez et al. 2004)   
 
Before crushing of confined concrete 
Right after crushing of confined concrete 
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Figure 2-21  Damage in TW2 (adapted from Perez et al. 2004) 
 
Failure 2A 
Failure 2B 
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Figure 2-22  Damage in TW3, TW4, and TW5 (adapted from Perez et al. 2004) 
TW3 
TW4 
TW5 
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Figure 2-23  Plan view of test building (Priestley et al. 1999) 
 
 
 
Figure 2-24  Jointed structural wall elevation (Priestley et al. 1999)  
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Figure 2-25  Time history of wall direction displacement (Priestley et al. 1999) 
 
  
 
Figure 2-26  Base moment versus drift (adapted from Priestley et al. 1999)  
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Figure 2-27  Detail of emulated wall: (a) wall reinforcement layout; (b) connection detail 
with internal force flow in transverse direction (Holden et al. 2003) 
 
 
 
Figure 2-28  Detail of precast prestressed concrete wall: (a) wall reinforcement layout; 
(b) dissipation detail and duct layout (Holden et al. 2003)  
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Figure 2-29  Test setup (Holden et al. 2003)  
 
 
 
Figure 2-30  Lateral load versus drift: (a) emulated wall; (b) precast prestressed concrete 
wall (Holden et al. 2003)  
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Figure 2-31  Elevation and cross sections of steel reinforcement (Restrepo and Rahman 
2007) 
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Figure 2-32  Details of wall toe: (a) Unit 1; (b) Unit 2; (c) Unit 3 (adapted from Restrepo 
and Rahman 2007) 
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Figure 2-33  Lateral force versus drift and damage at wall toe: (a) Unit 1; (b) Unit 2; (c) 
Unit 3 (adapted from Restrepo and Rahman 2007) 
(a) Unit 1 
(b) Unit 2 
(c) Unit 3 
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Figure 2-34  Test setup (Smith et al. 2010) 
 
 
 
Figure 2-35  Lateral force versus drift (Smith et al. 2010) 
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Figure 2-36  Damage in test wall (Smith et al. 2010)  
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CHAPTER 3 
WALL DEVELOPMENT AND DESIGN MODELS 
The experimental program consisted of tests of three walls, identified as Wall 1, Wall 2, 
and Wall 3. This chapter describes the design development of Walls 1 and 2. The details 
of Wall 3 were not determined in the design study, but instead were determined based on 
the test results from Wall 1 and Wall 2. The experimental program (Chapter 4) and 
experimental results (Chapter 5) include all three walls.   
3.1   DEVELOPMENT OF CANDIDATE WALLS 
In this project, collaborative work was done with Tipping Mar (a structural engineering 
company based in Berkeley, CA) at the stage of designing the candidate walls to be 
tested. Tipping Mar performed analytical studies on UPT cast-in-place concrete walls and 
results of their studies can be found in Tipping Mar (2011).  
Figure 3-1 shows the geometry of the walls that were tested. The test walls were 0.4-scale 
walls. Following the common wall thickness/width used in practice, a thickness of 10 
inch was chosen. To achieve a certain unbonded length of the post-tensioned steel, the 
wall was taller than the height of the applied load as shown in Figure 3-1. The longer 
unbonded length assured that the tensile strain in the post-tensioned steel was distributed 
over a long length, which in turn delayed yielding of the post-tensioned steel. 
Figure 3-2 shows a generic cross section of a candidate wall including the longitudinal 
boundary reinforcement, post-tensioned steel groups, transverse boundary and web steel 
reinforcement, and longitudinal web steel reinforcement. Analytical studies by Tipping 
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Mar (2011) involved six walls which have proportions of steel reinforcement and post-
tensioned steel as tabulated in Table 3-1. Responses of each wall under monotonic and 
cyclic static loads are shown in Figure 3-3. Based on these results, two walls were 
selected and subjected to further design development.  
The goal during the iterative design process was to design walls which have ultimate 
strengths very close to the maximum lateral force demand that can be provided by the 
actuator. Wall 01 and Wall 03 in Table 3-1 were chosen as the start of the iterative design 
of Wall 1 and Wall 2, respectively. These walls represented two different design goals. 
Wall 1 was a design with a low ratio of post-tensioned steel to longitudinal steel 
reinforcement, while Wall 2 was a design with a high ratio of post-tensioned steel to 
longitudinal steel reinforcement.  
Since more longitudinal steel reinforcement is in the boundary element of Wall 1, the 
contribution of the longitudinal steel reinforcement to the strength of the wall is 
significant, taking advantage of the lever arm of the steel reinforcement to the neutral 
axis of the wall cross section. The potential for Wall 1 to self-center is reduced because 
less post-tensioned force (less post-tensioned steel) is available to close the cracks in the 
wall as well as to yield the longitudinal steel reinforcement in compression during 
unloading. Greater residual displacement is expected when the load is removed.  
Wall 2 that has similar strength to Wall 1, and has a significant amount of post-tensioned 
steel that translates to more post-tensioned force in the wall. The post-tensioned force 
contributes to closing the cracks in the wall and to yielding the longitudinal steel 
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reinforcement in compression. Less residual displacement is expected when the load is 
removed. 
Table 3-2 shows the geometry of each potential test wall at the start and at the end of the 
design iterations. For each test specimen, two different strand diameters were proposed, 
namely, 0.5-inch diameter and 0.6-inch diameter. The final iterated walls incorporated 
0.6 inch-diameter strands. 
The properties of the concrete, steel reinforcement, and post-tensioned steel used in the 
design iteration process are given in Table 3-3. During the design iteration process for 
each wall, the parameters that were changed were the amount of longitudinal steel 
reinforcement, amount of post-tensioned steel, locations of longitudinal steel 
reinforcement, and locations of post-tensioned steel. Ratios of post-tensioned steel to 
longitudinal steel reinforcement are shown in Table 3-3 for each walls.  
Figure 3-4 shows the final cross sections of each wall. Detailing of each wall was in 
compliance with ACI 318-11 (ACI 2011) Chapter 21. Each wall cross section consisted 
of two regions, boundary elements and a web element as shown in Figure 3-5. Table 3-4 
shows detailing requirements according to ACI 318-11 (ACI 2011) and the 
corresponding details for each wall. 
Although these test walls were 0.40-scale walls, not all dimensions were scaled. Spacing 
of the transverse steel hoops in the boundary was not scaled since the actual spacing was 
quite small, to avoid problems during concrete casting.  In addition, the size of the steel 
reinforcement was not scaled because scaling would result in a reinforcement size that 
was not available. 
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Table 3-5 summarizes the nominal shear capacity for each wall. The factored nominal 
shear capacity ϕ
v
Vn for the two walls was larger than the shear demand V@Mn, when the 
nominal flexural capacity is reached.  
3.2   ANALYTICAL MODEL 
An analytical model was developed for predicting the lateral load responses of the two 
test walls as part of the design of the walls. The results of the analyses are also used later 
in Chapter 5 for comparison to the experimental results. The following discussion 
presents the key aspects of the analytical model. 
3.2.1   Geometry and Boundary Conditions 
Figure 3-6(a) shows the geometry of wall that was modeled. Since the foundation block 
was assumed to be rigid, it was possible to idealize the model as shown in Figure 3-6(b).  
The modeling was done using the nonlinear finite element analysis software DRAIN-
2DX (Prakash and Powell 1993). It is noted that later, as discussed in Chapter 6, finite 
element analysis software OpenSees (Mazzoni et al. 2006) was used for calibrating and 
validating the numerical wall model to the wall experimental results. The modeling 
started by defining the geometry and boundary conditions of the wall as shown in Figure 
3-6(c). The geometry was represented by nodes and elements. Two different types of 
elements were used, fiber elements (Taucer et al. 1991) and nonlinear truss elements. The 
fiber elements represented the concrete as well as the longitudinal steel reinforcement as 
shown in Figure 3-7, while truss elements represented the post-tensioned steel. Details 
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and advantages of using a fiber model to model this particular type of wall are explained 
in Kurama et al. (1996), Kurama (1997), and El-Sheikh (1997).  
The first fiber element from the base of the wall represented the plastic hinge length of 
the wall or the critical height. The critical height, Hcr, was determined to be twice the 
width of the boundary element, based on Perez et al. (2004). To model post-tensioned 
steel anchorage at the top of the wall, kinematic constraints were applied to the top nodes 
of the truss elements. The base node of the fiber element (at the base of the wall) was 
fixed and the base nodes of the truss elements were pinned. 
3.2.2    Material Models 
The same material properties as in Tipping Mar (2011) were used in modeling the walls 
and they are summarized in Table 3-3. The nominal values as well as the expected values 
are given for the strength of the materials. The nominal compressive strength of the 
concrete was 6 ksi, the nominal yield strength of the steel reinforcement was 60 ksi with 
a modulus of elasticity of 29000 ksi, and the ultimate strength of the post-tensioned steel 
was 270 ksi with a modulus of elasticity of 27500 ksi. 
There were two types of concrete modeled in the fiber elements, confined concrete and 
unconfined concrete. The confined concrete model represented the concrete in the 
boundary elements while the unconfined concrete model represented the concrete cover 
of the boundary elements as well as concrete in the web element. The assignment of each 
concrete type in the cross section is shown in Figure 3-7.  
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The confined concrete and unconfined concrete models were developed using the Mander 
model (Mander et al. 1988).  As input to DRAIN-2DX, a maximum 5 points of stress and 
strain values were used to represent these material models. These concrete models are 
shown in Figure 3-8. The strain at which the confined concrete failed (crushed) due to 
fracture of the confining hoops is estimated to be 0.06, based on Mander et al. (1988). It 
is noted that the confined concrete crushing is not modeled directly, as shown in Figure 
3-8, but the occurrence of confined concrete crushing is checked using the strain results 
from the analysis results. The tensile capacity of the concrete was set to be zero. A linear 
shear stiffness for the concrete was included in the fiber elements. 
The material models for the longitudinal steel reinforcement and post-tensioned steel 
were represented by bilinear material models which were defined by two points. Each 
point denoted the combination of strain and stress at yield and at ultimate conditions 
respectively. These material models are shown in Figure 3-9 and Figure 3-10 for 
longitudinal steel reinforcement and post-tensioned steel, respectively. 
3.2.3   Analysis and Results 
Before beginning the lateral load analysis, a gravity load analysis was performed by 
applying the self-weight of the wall and the post-tensioned forces in the post-tensioned 
steel. This was done in order to provide an initial clamping force across the base of the 
wall. 
Following the gravity load analysis, the wall models were analyzed by applying 
monotonic and cyclic imposed displacement at the height of 150 inch from the base at the 
height of the applied load in the tests. The loading protocol for the monotonic and cyclic 
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analysis is given in Figure 3-11. Monotonic analysis was done by increasing the applied 
displacement gradually until it reached the prescribed displacement. For cyclic analysis, 
the wall was pushed back and forth one full cycle for each displacement level (drift 
level). The effect of multiple cycles at the same drift level was not taken into account in 
the cyclic analysis. 
Figure 3-12 shows the result of monotonic (pushover) analysis as well as cyclic analysis 
for each test wall. It is clear that Wall 1 reached a higher peak strength and dissipated 
more energy than Wall 2. In contrast, after reaching the same drift level, the residual drift 
of Wall 2 was less compared to that of Wall 1. Wall 1 and Wall 2 reached a maximum 
lateral force of 341 kips (base moment of 51180 kip-in) and 307 kips (base moment of 
46000 kip-in), respectively. These results are the predictions of the test wall responses 
and these predictions will be compared later with the test results. 
3.3  CLOSED FORM EXPRESSIONS  
In addition to the analytical model, the closed form expressions developed by Srivastava 
et al. (2013) for UPT cast-in-place concrete walls subjected to lateral load were used to 
predict the response of the wall. These equations are derived based on the conditions of 
the wall at certain limit states. The limit states used are Decompression (DEC), Effective 
Linear Limit (ELL), Yielding of Longitudinal Mild Steel Reinforcement (YMS), Fracture 
of Longitudinal Mild Steel Reinforcement (FMS), Linear Limit of Post-tensioning Steel 
(LLP), and Crushing of Confined Concrete (CCC). Figure 3-13 shows the limit states on 
the pushover curve of a UPT cast-in-place concrete wall. Details are given in Srivastava 
et al. (2013). 
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Prediction results for Wall 1 and Wall 2 according to the closed form expressions are 
presented later in Chapter 5. 
3.4       SUMMARY 
Design development of the test walls, namely, Wall 1 and Wall 2, has been described in 
this chapter. Iterative designs were made to provide similar expected strength for both 
walls. Detailing of the steel reinforcement was based on ACI 318-11 (2011).  
Wall 1 was designed to have a smaller ratio of post-tensioned steel to longitudinal steel 
reinforcement compared to Wall 2. Based on the results from the numerical model, Wall 
1 is predicted to have higher peak strength and greater energy dissipation than Wall 2. 
Wall 2 is expected to have better self-centering than Wall 1. 
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Table 3-1  Matrix of candidate walls to be tested (adapted from Tipping Mar 2011) 
 
Wall 
ID 
Web 
reinforcement 
Boundary 
reinforcement 
PT strand 
quantity 
(0.5” dia.) 
Shear 
reinforcement 
Bar 
size 
Spacing 
(in) 
Quantity 
Bar 
size 
Bar 
size 
Spacing 
(in) 
W01 #5 6 4 #8 30 #6 6 
W02 #3 6 4 #5 11 #4 6 
W03 #3 24 4 #3 19 #4 6 
W04 #4 6 4 #6 18 #5 6 
W05 #5 6 6 #10 0 #6 6 
W06 #3 12 4 #3 30 #5 6 
 
 
 
Table 3-2  Wall geometry from design iterations 
 
Wall 
ID 
Dimension  
(in) 
Aspect 
ratio 
Reinforcement 
# of PT 
strands 
Hw Hf Lw tw Hf/Lw Lw/tw 
Boundary 
elements 
Web element 
Long. Trans. Long. Trans. 
Wall 1 
(start) 
300 150 72 10 2.08 7.2 8 - #8 
#3 
@ 3" 
18 - #5 #6 @ 6" 
30- 
0.5"dia. 
Wall 1 
(final) 
300 150 72 10 2.08 7.2 
16 - #7 
and 
 4 - #3 
#3 
@ 2.25" 
12 - #3 
#4  
@ 4.5" 
10- 
0.6"dia. 
Wall 2 
(start) 
300 150 72 10 2.08 7.2 8 - #3 
#3 
@ 3" 
6 - #3 #4 @ 6" 
19- 
0.5"dia. 
Wall 2 
(final) 
300 150 72 10 2.08 7.2 
16 - #5 
and  
4 - #3 
#3 
@ 2.25" 
12 - #3 
#4  
@ 4.5" 
19- 
0.6"dia. 
Note: PT = post-tensioned 
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Table 3-3  Material properties and post-tensioned (PT) force ratio 
 
Wall 
ID 
Concrete 
strength 
(ksi) 
Steel 
reinforcement 
strength  
(ksi) 
PT strand 
strength  
(ksi) 
Post-tensioned force ratio 
fc
 ′ fce
 ′  fcce
 ′  fy fye fue fpy fpu fpi 
Initial PT 
force ratio 
Yield PT 
force ratio 
Ppi
(A
g
fc
 ′)
 
Ppi
(A
g
fce
 ′ )
 
Ppy
(A
g
fc
 ′)
 
Ppy
(A
g
fce
 ′ )
 
Wall 1 
(start) 
6 7.8 9.8 60 66 99 220 270 165 0.18 0.13 0.23 0.18 
Wall 1 
(final) 
6 7.8 9.8 60 66 99 220 270 165 0.08 0.06 0.11 0.08 
Wall 2 
(start) 
6 7.8 9.8 60 66 99 220 270 165 0.11 0.09 0.15 0.11 
Wall 2 
(final) 
6 7.8 9.8 60 66 99 220 270 165 0.16 0.12 0.21 0.16 
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Table 3-4  Wall detailing based on ACI 318-11 (ACI 2011) 
 
Item 
ACI 318-11 
Wall 1 Wall 2 
Section Requirement 
Minimum web 
reinforcement ratio 
21.9.2.1 
ρl = 0.0025 0.003 0.003 
ρt = 0.0025 0.00889 0.00889 
Maximum 
reinforcement 
spacing 
21.9.2.1 7.2 in* 7.0 in* 7.0 in* 
Maximum nominal 
shear strength 
21.9.4.4 10√fc
 ′
 6.4√fc
 ′
 6.4√fc
 ′
 
Nominal moment 
In 
accordance 
to 10.2 and 
10.3 
Mn 
32397 
kip-in 
31473 
kip-in 
Neutral axis 
In 
accordance 
to 10.2 and 
10.3 
c 12.7 in 18.1 in 
Horizontal length of 
boundary element 
from end of the wall 
21.9.6.4 (a) 
Not less than the 
larger of  c-0.1Lw and 
c/2 
14.5 in 14.5 in 
Vertical length of 
boundary element 
21.9.6.2 (b) Minimum 72 in 90 in 90 in 
Spacing of boundary 
element transverse 
reinforcement  
21.6.4.3 
Minimum of: 
3.33 in 
2.25 in 
6 in 
2.25 in# 2.25 in# 
Minimum amount of 
boundary transverse 
reinforcement 
21.6.4.4 (b) 
Eq. (21-5) 
x direction=0.17 in2 0.22 in2 0.22 in2 
y direction=0.27 in2 0.44 in2 0.44 in2 
Web horizontal 
reinforcement 
extension to the 
boundary element 
21.9.6.4 (e) 
Maximum 6 in from 
the end of wall 
3.5 in 3.5 in 
*This is a 0.40-scale value. 
#This is not scaled.  
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Table 3-5  Shear capacity according to ACI 318-11 (ACI 2011) 
 
Wall ID 
Mn 
(kip-in) 
V@Mn 
√fc
 ′
 
Vn 
√fc
 ′
 
φf V@Mn 
√fc
 ′
 
φv Vn 
√fc
 ′
 
φv Vc 
√fc
 ′
 
φv Vs 
√fc
 ′
 
Wall 1 32410 3.9 6.4 3.5 4.8 1.5 3.3 
Wall 2 31470 3.8 6.4 3.5 4.8 1.5 3.3 
Note: 
Vs is determined based on the assumption that concrete cracks make 45 degree angle with 
the vertical direction of the wall. 
φf=0.9 and φv=0.75 (ACI 318-11) 
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Figure 3-1  Geometry of Wall 1 and Wall 2 
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Figure 3-2  Generic cross section of a candidate test wall including longitudinal 
boundary reinforcement, post-tensioned (PT) groups (bundles), transverse 
boundary and web reinforcement, and longitudinal web reinforcement 
(adapted from Tipping Mar 2011) 
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Figure 3-3  Global responses (moment versus drift ratio) of candidate test walls under 
monotonic and cyclic loads (adapted from Tipping Mar 2011) 
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Figure 3-4  Wall 1 and Wall 2 cross sections at final iteration 
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Figure 3-5  Regions of wall cross section that include boundary elements and web 
element 
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Figure 3-6  Wall idealization based on assumption of rigid foundation block: (a) actual geometry; (b) simplified geometry; (c) 
idealized geometry in DRAIN-2DX 
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Figure 3-7  Cross section idealization: (a) actual cross section; (b) idealized fiber model cross section in DRAIN-2DX 
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Figure 3-8  Concrete models used in numerical model using DRAIN-2DX 
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Figure 3-9  Steel reinforcement model used in numerical model using DRAIN-2DX 
 
(0.07, 99)
(0.0022, 66)
29000
S
te
el
 R
ei
n
fo
rc
em
en
t 
T
en
si
le
 S
tr
en
g
th
 (
k
si
)
Steel Strain
 91 
 
 
 
Figure 3-10  Post-tensioned steel model used in numerical model using DRAIN-2DX 
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(a) 
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Figure 3-11  Loading protocol used in numerical analysis using DRAIN-2DX: (a) 
monotonic load; (b) cyclic load 
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Figure 3-12  Lateral load response from numerical analysis using DRAIN-2DX: (a) Wall 
1; (b) Wall 2 
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Figure 3-13  Structural limit states for UPT cast-in-place concrete wall (Srivastava et al. 
2013) 
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CHAPTER 4 
EXPERIMENTAL PROGRAM 
This chapter describes the experimental program on UPT cast-in-place reinforced 
concrete walls. The overall test wall geometry and experimental setup, instrumentation 
and data acquisition, and material properties of the test walls are presented in this chapter.  
4.1 WALL 1 
Wall 1 is described in detail in Rivera et al. (2013). In the following discussion, the 
overall wall geometry and test setup, the instrumentation and data acquisition, and the 
material properties for Wall 1 are summarized. 
4.1.1 Overall Test Wall Geometry and Test Setup 
The cross section and elevation of Wall 1 are shown in Figure 4-1 and Figure 4-2, 
respectively. The cross sections in Figure 4-1 represent the cross section of the wall over 
the first 90 inch of height above the top of the foundation block (see also Figure 4-3). 
This is the critical region of the wall where the plastic hinge is expected to occur. Above 
the height of 90 inch from the wall base, different steel reinforcement details were used 
as shown in Figure 4-3. 
Wall 1 has a length of 72 inch and a width of 10 inch as shown in Figure 4-1, and a total 
height of 265 inch measured from the top of the foundation block as shown in Figure 4-2. 
The wall had two main regions, the boundary elements and the web element (see Figure 
3-5). Each boundary element of Wall 1 has 8 #7 and 2 #3 longitudinal steel reinforcement 
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bars which are confined by #3 steel hoops with 2.25 inch spacing. The web element of 
Wall 1 has 12 #3 longitudinal steel reinforcement bars and #4 transverse steel 
reinforcement bars with 4.5 inch spacing.  
There were two groups (bundles in Figure 4-1) of post-tensioned steel in the wall. Each 
group has 5 strands, as shown in Figure 4-1. Each strand is a seven-wire steel strand. The 
strand diameter is 0.6 inch. The measured initial prestressing forces were 174.5 kips and 
176.3 kips in the first group (UPT 1) and second group (UPT 2) of post-tensioned steel, 
respectively (refer to Figure 4-1 for the designation of the post-tensioned groups).  
The schematic test setup for Wall 1 in the laboratory is shown in Figure 4-4. Wall 1 was 
cast on top of a foundation block, which measured 300 inch long, 24 inch wide and 60 
inch high. The foundation block was clamped to the strong floor to prevent sliding at the 
interface. Steel beams at two levels (two steel beams at each level) on the North and 
South sides of the wall provided bracing to the wall to prevent out of plane movement 
during the test. Polytetrafluoroethylene (PTFE) pads attached to the steel beams and to 
steel plates that were bonded to the walls, minimized friction between the steel beams 
and wall surfaces as shown in Figure 4-5.  
Since the length from the laboratory strong wall to the West edge of the wall was longer 
than the actuator length, a steel bracket to support the actuator was attached to the strong 
wall as shown in Figure 4-4. One actuator clevis foot was clamped to the steel bracket 
and the other side was attached to the West edge of the wall. To prevent sliding between 
the actuator clevis foot and the West edge of the wall, eight 1-inch diameter threaded 
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rods, four rods on the North side and four rods on the South side of the wall, were used to 
clamp actuator foot to the wall in the direction of loading as shown in Figure 4-4.  
4.1.2 Instrumentation and Data Acquisition 
Several types of instruments were used in the Wall 1 tests to collect data such as forces, 
displacements, rotations, strain and deformation.  
One load cell, designated ACT_LOAD in Figure 4-4, for measuring lateral force and two 
load cells, designated PT_1 and PT_2 in Figure 4-4, for measuring the post-tensioned 
forces, were used for Wall 1. Each load cell for measuring the post-tensioned force has a 
maximum capacity of 450 kips. All load cells used for Wall 1 are shown in Figure 4-6. 
Horizontal and vertical displacements in the wall were measured using displacement 
transducers. Two displacement transducers, designated ACT_DISPL and TEMPOSONIC 
in Figure 4-4, were used to measure the horizontal displacement at the loading height 
(i.e., at 150 inch from the wall base). ACT_DISPL was located on the West side of the 
wall and TEMPOSONIC was placed on the East side of the wall. One string 
potentiometer, designated WALL_SP in Figure 4-4, was placed attached to the top of the 
wall to measure the horizontal displacement at the top of the wall. Two string 
potentiometers, designated WEST_SP and EAST_SP in Figure 4-4, were used to measure 
vertical displacements at the loading height.  
To measure horizontal and vertical displacements of the foundation block, two different 
instruments were used. An LVDT, designated LVDT_9 in Figure 4-4, was used to 
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measure horizontal displacement and a plastic slide, designated PS_6 in Figure 4-4, was 
used to measure vertical displacement. 
For measuring the shear deformations and rotations in the wall, Linear Variable 
Displacement Transformers (LVDTs) and rotation meters were arranged as shown in 
Figure 4-7 were used. In total, there were eight LVDTs (LVDT_1, LVDT_2, LVDT_3, 
LVDT_4, LVDT_5, LVDT_6, LVDT_7, and LVDT_8) and two rotation meters (ROT_1 
and ROT_2) placed on the North side of the wall.  
There were 70 strain gauges within the wall to measure the strain in the steel 
reinforcement. 30 strain gauges were installed on the longitudinal reinforcement in the 
boundary elements as depicted in Figure 4-8; 28 strain gauges were installed on the steel 
hoops in the boundary elements as can be seen in Figure 4-9; and 10 strain gauges were 
placed on the transverse reinforcement in the web element as shown in Figure 4-10. In 
addition, two strain gauges were installed on two #3 steel reinforcement bars that were 
used for measuring strain in the confined concrete in the boundary elements. The strain 
gauges were embedded in the center core of each boundary element of the wall as shown 
in Figure 4-11.  
For measuring the opening of the crack at the wall-foundation interface (i.e., termed “gap 
opening”), plastic slides were used. There were five plastic slides used for that purpose as 
shown in Figure 4-12. 
All data from the instruments were collected using a data logger that included 80 data 
channels. The data were recorded at a frequency of one scan of all 80 channels per 
second. It is noted that each recorded value was an average value of 10 samples.  
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4.1.3 Material Properties 
Measured material properties for Wall 1 were not included in Rivera et al. (2013) Table 
4-1, Table 4-2, and Table 4-3 show the measured material properties of the concrete, steel 
reinforcement, and post-tensioned steel, respectively.  
There were four concrete pours for Wall 1. The first pour shown in Table 4-1 is concrete 
from the base of the wall to a height of 72 inch. The nominal concrete compressive 
strength is 6 ksi, and concrete compression test results for each pour are shown in Table 
4-1. No concrete cylinders tests were performed for the concrete from the last pour. The 
strengths for the 1st, 2nd, and 3rd pours were 6.3 ksi, 5.7 ksi, and 5.8 ksi, respectively. The 
corresponding number of days after the concrete was poured for these strengths are 
shown in Table 4-1. 
The nominal yield strength of steel reinforcement is 60 ksi. Two grades of steel 
reinforcement were used in the wall, namely ASTM A615 steel and ASTM A706 steel. 
For #3 bars used as longitudinal steel reinforcement in the web of the wall, ASTM A615 
steel was used due to limited availability of ASTM A706 steel at the time. According to 
ACI 318-11, ASTM A615 steel is allowed to be used if the minimum yield strength 
requirement as well as the minimum ratio of tensile strength to yield strength (of 1.25) is 
satisfied. These requirements were satisfied by the ASTM A615 steel used in Wall 1 as 
shown in Table 4-2. However, as can also be seen in Table 4-2, the requirement regarding 
the minimum elongation according to ASTM A706 was not satisfied by most of the 
ASTM A615 steel tensile test specimens. Based on the tensile tests results summarized in 
Table 4-2, the average yield strength and tensile strength of the #3 ASTM A615 steel are 
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68.6 ksi and 107.6 ksi respectively. The average yield strength and tensile strength of the 
#7 ASTM A706 steel are 75.3 ksi and 107.9 ksi, respectively.   
Material properties for the post-tensioned steel were based on data provided by the 
manufacturer (Dywidag Systems International) as shown in Table 4-3. The nominal 
tensile strength of the post-tensioned steel is 270 ksi. No material tests were performed 
for this material.  
4.2 WALL 2 
In the following discussion, the overall wall geometry and test setup, the instrumentation 
and data acquisition, and the material properties for Wall 2 are described.  
4.2.1 Overall Test Wall Geometry and Test Setup 
The geometry of Wall 2 was similar to that of Wall 1 as shown in Figure 4-1 and Figure 
4-2. Wall 2 has a length of 72 inch, a width of 10 inch, and a total height of 265 inch. The 
wall also has two main regions, the boundary elements and the web element. Each 
boundary element has 8 #5 and 2 #3 longitudinal steel reinforcement bars which are 
confined by #3 steel hoops with 2.25 inch spacing. The web element has 12 #3 
longitudinal steel reinforcement bars and #4 transverse steel reinforcement bars with 4.5 
inch spacing.  
There were three groups of post-tensioned steel in Wall 2, including two groups of 7 
strands and one group of 5 strands. Each strand is a seven-wire steel strand. The diameter 
of the strand is 0.6 inch. The measured initial prestressing forces were 239.9 kips, 173.5 
kips, and 241.0 kips in the first group (UPT 1), second group (UPT 2), and third group 
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(UPT 3) of post-tensioned steel, respectively (see Figure 4-1 for the designation of the 
post-tensioned groups).  
In general, the test setup for Wall 2 was the same as the setup for Wall 1. The test setup 
of Wall 2 is shown in Figure 4-13. Wall 2 was cast on top of a foundation block that has 
dimensions of 300 inch long, 24 inch wide, and 60 inch tall. The foundation block was 
clamped to the strong floor to prevent sliding at the interface. Steel beams at two levels 
provided bracing to the wall to prevent out of plane movement during the test. 
Polytetrafluoroethylene (PTFE) was used to prevent friction between the steel beams and 
the wall surfaces.  
The attachment of the PTFE pads to the surface of Wall 2 was slightly different than that 
of Wall 1. Figure 4-14 shows the attachment of the PTFE steel plates to Wall 2. Instead 
of gluing the steel plates directly to the wall surfaces, these plates were first tac-welded to 
steel angles (one steel angle carried two steel plates with one steel plate near the East end 
and the West end of the wall). The steel angles were attached to the wall surfaces by 
clamping steel angles at the East and West edges of the wall using threaded rods.  
The location of Wall 2 in the laboratory with respect to the reaction wall was five feet 
further to the East compared to the location of Wall 1, as shown in Figure 4-13 (compare 
to Figure 4-4), therefore, a longer steel bracket was used. One actuator clevis foot was 
clamped to the steel bracket and the other side was attached to the West edge of the wall. 
Eight 1-inch diameter threaded rods were used to clamp actuator to the wall in the 
direction of loading.  
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To prevent lateral movement of the steel bracket during the test, the bracket was braced 
to the strong wall using two diagonal parallel angles, which were clamped to the top and 
bottom flanges of the top chord of the steel bracket. The arrangement of these angles is 
depicted in Figure 4-15. 
4.2.2 Instrumentation and Data Acquisition 
As for Wall 1, several types of instrumentation were used in the Wall 2 tests. In addition 
to the load cells used for Wall 1, another load cell was added for measuring the post-
tensioned force for the third group of post-tensioned steel. The capacity of this load cell 
was 450 kips. The three load cells used for Wall 2 are shown in Figure 4-16.  
Similar to Wall 1, two displacement transducers, designated ACT_DISPL and 
TEMPOSONIC, were used to measure the horizontal displacement at the loading point, 
at the East and West sides of the wall. The arrangement of these displacement transducers 
is depicted in Figure 4-13. 
Seven string potentiometers (WB_SP, WT_SP, EB_SP, ET_SP, WALL_SP, 
WEST_V_SP, and EAST_V_SP) and four LVDTs (LVDT_9, LVDT_10, LVDT_11, and 
LVDT_12) were used to measure horizontal and vertical displacements of the wall and to 
measure the horizontal and vertical movements of the foundation block, respectively. The 
setup of these instruments is shown in Figure 4-17. 
Figure 4-18 shows a total of eight LVDTs (LVDT_1, LVDT_2, LVDT_3, LVDT_4, 
LVDT_5, LVDT_6, LVDT_7, and LVDT_8) and three rotation meters (ROT_1, ROT_2, 
and ROT_BASE) were placed on the North side of the wall. The vertical and diagonal 
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arrangements of these LVDTs were intended to measure shear deformation while the 
rotation meters were used for measuring the rotations of the wall and of the foundation 
block.  
There were 70 strain gauges within the wall to measure strain in the steel reinforcement. 
30 strain gauges were installed on the longitudinal reinforcement bars in the boundary 
elements as depicted in Figure 4-19; 20 strain gauges were installed on the steel hoops in 
the boundary elements as shown in Figure 4-20; and 20 strain gauges were placed on the 
transverse reinforcement in the web element as shown in Figure 4-21.  
Similar to Wall 1, two strain gauges were installed on two #3 steel reinforcement bars to 
measure strain in the confined concrete in the boundary elements. These steel 
reinforcement bars were embedded in the center core of each boundary element as shown 
in Figure 4-11.  
Plastic slides were used to measure the gap opening at the base of the wall. There were 5 
plastic slides used for Wall 2 and the setup was the same as that for Wall 1 as shown in 
Figure 4-12. 
A data logger was used for data acquisition and 104 data channels were recorded. Data 
was recorded at a frequency of one scan of all 104 channels per second. Similar to Wall 
1, each recorded value was an average value of 10 samples. 
4.2.3 Material Properties 
The concrete for Wall 2 was poured in four pours, similar to that of Wall 1. The height of 
the first three pours was 72 inch each and the height of the final pour was 49 inch. The 
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nominal compressive strength of the concrete was 6 ksi and the actual average 
compressive strength, which was based on two cylinders tests for each pour at the day the 
wall was tested, was 6.9 ksi, 6.3 ksi, 6.3 ksi, and 7 ksi for the 1st, 2nd, 3rd, and 4th pours, 
respectively as given in Table 4-4. 
Similar to Wall 1, two different types of steels were used in the wall, ASTM A706 steel 
and ASTM A615 steel. ASTM A706 steel was used for the #5 longitudinal steel 
reinforcement, the #3 steel hoops in the boundary elements, and the #4 horizontal steel 
reinforcement in the web element, while ASTM A615 steel was for the #3 longitudinal 
steel reinforcement in the web. The nominal yield strength of the steel reinforcement was 
60 ksi. Based on tensile tests of four specimens of the #5 ASTM A706 longitudinal steel 
reinforcement, the steel reinforcement has an average yield strength of 63.3 ksi and 
average tensile strength of 87.7 ksi. For the #3 ASTM A615 longitudinal steel 
reinforcement (4 specimens), the average yield strength and the average tensile strength 
were 68.8 ksi and 108.2 ksi, respectively. Table 4-5 summarizes the results from the 
tensile tests of the #5 and #3 steel reinforcement. The ACI 318-11 requirements for the 
minimum yield strength and the minimum ratio of tensile strength to yield strength (of 
1.25) were satisfied for the ASTM A615 steel reinforcement used in the wall. However, 
the requirement for the minimum elongation given by ASTM A706 was not satisfied. 
As for Wall 1, the post-tensioned strands used in Wall 2 were seven-wire 0.6-inch 
diameter strands. There were no tensile tests for these strands. Material properties of the 
strands were based on the manufacturer information and are shown in Table 4-3. 
 105 
 
4.3 WALL 3 
The overall wall geometry and test setup, the instrumentation and data acquisition, and 
the material properties for Wall 3 are similar to those of Wall 1 and Wall 2. The 
following discussion summarized the similarities and differences. 
4.3.1 Overall Wall Geometry and Test Setup 
The geometry of Wall 3 was similar to that of Wall 1 and Wall 2 as shown in Figure 4-1 
and Figure 4-2. The size of the steel hoops in the boundary elements and of the 
longitudinal and transverse steel reinforcement in the web were the same as to those of 
Wall 1 and Wall 2. The main difference in Wall 3 was the detailing of the longitudinal 
steel reinforcement in the boundary elements as shown in Figure 4-1. In each boundary 
element there were 11 #7 bars. The first two rows of the longitudinal steel reinforcement 
bars (5 steel bars total) from the outer edge of the wall in each boundary element were 
terminated at the interface of the foundation block and the wall which created a 
discontinuity of the longitudinal steel reinforcement at the interface with the foundation 
block. The subsequent two rows of the longitudinal steel reinforcement (6 steel bars total) 
were debonded using plastic sheet over a length of 48 inch above the top of the 
foundation block and over a length of 1 inch into the foundation block.  
The arrangement of the post-tensioned steel in Wall 3 was similar to Wall 2, however, the 
measured initial prestressing forces were different. The initial prestressing forces for the 
first, second, and third post-tensioned groups were 247 kips, 198.9 kips, and 255.4 kips, 
respectively. 
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The test setup for Wall 3 was similar to the test setup for Wall 2. This setup can be seen 
in Figure 4-13. The only difference was how the PTFE steel plates were attached to the 
wall surfaces. For Wall 3, the steel plates were attached to the wall surfaces by screwing 
anchor bolts on the plates into the wall. The PTFE attachments are shown in Figure 4-22. 
4.3.2 Instrumentation and Data Acquisition 
The arrangement of instrumentations for Wall 3 was similar to that for Wall 2. One load 
cell, designated ACT_LOAD, and three load cells, designated PT_1, PT_2, and PT_3, 
were used for measuring lateral forces and the post-tensioned steel forces, respectively as 
shown in Figure 4-13. Two displacement transducers, designated ACT_DISPL and 
TEMPOSONIC, were used to measure the horizontal displacement as shown in Figure 
4-13. Figure 4-17 shows the locations of the string potentiometers and LVDTs for 
measuring the horizontal and vertical movements of the wall and foundation block, 
respectively. An additional LVDT, designated ABS_DISPL in Figure 4-17, which has a 
range of ±1.0 inch was placed on the East side of the wall at the TEMPOSONIC level. 
This instrument was intended more accurately measure the horizontal displacement at 
low lateral drift levels. Figure 4-18 shows the arrangement of LVDTs and rotation meters 
that were placed on the North side of the wall for measuring shear deformations and 
rotations in the wall. Figure 4-12 shows the arrangement of five plastic slides that were 
used to measure the gap opening at the wall base.  
The arrangement of strain gauges on the steel reinforcement of Wall 3 was different than 
for Wall 2. Figure 4-23 shows the 12 strain gauges that were installed on the longitudinal 
steel reinforcement in the boundary elements. 20 strain gauges were placed on the steel 
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hoops in the boundary elements, as shown in Figure 4-24. Figure 4-25 shows the 10 
strain gauges that were installed on the transverse steel reinforcement in the web of the 
wall. 
A data logger was used for data acquisition and 76 data channels were recorded. Data 
was recorded at a frequency of one scan of all 76 channels per second. Similar to Wall 1 
and Wall 2, each recorded value was an average value of 10 samples.  
4.3.3 Material Properties 
The concrete, reinforcement steel, post-tensioned steel, and grout properties for Wall 3 
are shown in Table 4-6, Table 4-7, Table 4-3, and Table 4-8 respectively.  
The average concrete compressive strengths for the concrete from each pour, and the 
corresponding age of the concrete at the day the wall was tested are tabulated in Table 
4-6. For the first 72 inch height of the wall (first pour), the average concrete compressive 
strength was 5.1 ksi. It is noted that this compressive strength was smaller than the 
nominal concrete compressive strength of 6 ksi. The compressive strength concrete of the 
concrete from the subsequent pours was 5.3 ksi, 7.9 ksi, and 5.7 ksi, respectively.  
As for Wall 1 and Wall 2, two different types of steel, ASTM A706 steel and ASTM 
A615 steel, were used in Wall 3. The average yield strength and ultimate strength of the 
#3 ASTM A615 steel bars were 70.1 ksi and 111.9 ksi respectively. For the #7 ASTM 
A706 steel bars, the average yield strength was 75.9 ksi and the average tensile strength 
was 108.3 ksi.   ACI 318-11 (2011) requirements on the minimum tensile strength and 
the minimum ratio of tensile strength to yield strength of the steel reinforcement were 
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satisfied. For most of the steel bar test specimens, the requirement for minimum 
elongation given by ASTM A706 was not satisfied. 
The post-tensioned steel material properties used in Wall 3 were the same as those of 
Wall 1 and Wall 2. The nominal tensile strength of the post-tensioned steel strand is 270 
ksi. 
Non-shrink grout was used in Wall 3 for patching voids in the concrete that occurred 
during the first pour of the wall. Figure 4-26 shows the condition of Wall 3 at the West 
edge before and after grouting. The grout had an average compressive strength of 6.4 ksi 
based on tests of 3 2 in x 2 in x 2 in grout cubes during the day of the wall test.   
4.4 LOADING HISTORY 
Figure 4-27 shows the planned loading history for the test walls. The loading sequence 
was based on the recommendation from ACI ITG-5.1-07 (ACI 2007). The complete 
loading history was divided into 16 load steps and each load step consisted of three full 
cycles. Each cycle has two peaks, one peak for West direction loading and one peak for 
East direction loading. The designation for each peak was based on the cycle number and 
loading direction. For example, 30W means Cycle 30 and West direction loading. It is 
noted that the drift in Figure 4-27 is the ratio of the lateral (horizontal) displacement at 
the actuator height divided by the height of the wall above the foundation block to the 
actuator level (i.e., 150 inch). 
The first three loading steps were applied under force control, and the remaining load 
steps were applied under displacement control. Force control was used due to the 
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difficulty in controlling small displacements. Figures 4-28, 4-29, and 4-30 show the 
portion of the loading history under force control for Walls 1, 2, and 3, respectively.  
Figures 4-31, 4-32, and 4-33 compare the planned and actual loading histories during the 
force control portion of the tests of Walls 1, 2, and 3, respectively. In these figures, lateral 
force is plotted versus record number. The record number is increased by one each time 
data is saved. Additionally, figures 4-31, 4-32, and 4-33 show the accuracy of the applied 
force at every cycle.  
Figure 4-34 compares the actual displacement with the planned displacement for the 
displacement control portion of the load history. The lateral displacement in this plot is 
from the measurement of displacement transducer placed in actuator (ACT_DISPL in 
Figure 4-4). This figure shows the accuracy of the actuator displacement relative to the 
planned displacement at every cycle. It is noted that actuator displacement includes 
deformation of the connection of actuator to the steel bracket, of the steel bracket and of 
the connection of steel bracket to the strong wall.  
Figure 4-35 compares the displacements from the two transducers, ACT_DISPL and 
TEMPOSONIC of Wall 1. It is noted that in this figure a correction has been made for 
both displacements starting from the peak of Cycle 37W to the end of the test. This was 
done to remove discrepancy in the data due to noise at the peak of Cycle 37W when one 
of the instruments (EAST_V_SP in Figure 4-4) was repaired. Although the difference 
between the two displacements in Figure 4-35 is not significant, the displacement data 
from TEMPOSONIC is used in the presentation of results in Chapter 5 for the reason that 
was mentioned in the previous paragraph. 
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It is noted that the displacement measured by TEMPOSONIC is from the TEMPOSONIC 
transducer in an inclined position as the wall displaced laterally and therefore needs to be 
corrected. The corrected displacement is the horizontal component of the inclined 
displacement. An example comparison of the corrected and uncorrected displacement 
from TEMPOSONIC is shown in Figure 4-36 for Wall 1. The difference between the two 
displacements was found to be about 2%. Nonetheless, the corrected displacement from 
TEMPOSONIC, ΔTEMP, is used in the presentation of the results in Chapter 5.  
Figures 4-37 and 4-38 show the actual loading history during the displacement control 
portion of the tests of Walls 2 and 3, respectively. The corresponding drift is given for 
each load step. It is noted that the drifts in these figures have been corrected in similar 
way to those for Wall 1 and are used in the presentation of the results in Chapter 5.  
The sign conventions for the actuator forces are positive in tension, loading in the West 
direction, and negative in compression, loading in the East direction. Similarly, lateral 
displacements are also positive when loading in the West direction, and negative when 
loading in the East direction. 
4.5 POST-TENSIONED STRESS 
Table 4-9 shows the normalized measured total initial post-tensioned stress for each test 
wall in the experiments. Wall 1, Wall 2, and Wall 3 have normalized total post-tensioned 
stresses of 0.08 fc
 ′
, 0.15 fc
 ′
 and 0.16 fc
 ′
, respectively. 
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4.6 SHEAR DEFORMATION DETERMINATION 
The arrangement of LVDTs in Figures 4-7 and 4-18 was designed such that the shear 
deformation in the wall can be determined from the recorded data in the instruments. The 
shear deformation was determined from LVDTs data followed the approach for 
calculating shear deformation by Massone and Wallace (2004). 
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Table 4-1  Measured concrete properties for Wall 1  
 
 
Concrete pour 
Height  
(in) 
Compressive 
strength+  
(ksi) 
Age* 
(days) 
1 72 6.3  56 
2 72 5.7 54 
3 72 5.8 39 
4 49 N/A 29 
+Strength at day wall was tested. *These are the ages of each concrete segment counted 
from the day the segment was poured to the day of the wall testing. N/A indicates that 
there were no concrete cylinders tests. 
 
 
 
Table 4-2  Measured steel reinforcement properties for Wall 1 
 
Steel 
size 
 
Grade Specimen  
Yield 
strength (fy) 
 (ksi) 
Tensile 
strength (ft) 
(ksi) 
Elongation 
(%) 
#3 
ASTM 
A615 
1 (Heat 1) 68.6 110.1 11.6 
2 (Heat 1) 68.7 110 10.9 
3 (Heat 2) 70.8 111.6 14.4 
4 (Heat 2) 70.5 110.8 13.5 
5 (Heat 3) 67.8 106.2 11.2 
6 (Heat 3) 67.9 104.8 11.4 
7 (Heat 3) 67.9 102.9 13.1 
8 (Heat 3) 66.4 104.7 10.0 
#4 
ASTM 
A706 
1 64.0 98.6 16.1 
2 61.4 99.1 15.8 
3 65.1 99.2 14.1 
4 64.8 99.3 16.4 
5 64.9 99.4 16.6 
#7 
ASTM 
A706 
1 75.2 107.9 20.0 
Note:  
 ACI 318-11 Chapter 21.1.5.2(a) requires that for steel with nominal strength of 60 
ksi, the actual yield strength should not exceed 78 ksi.  
 ACI 318-11 Chapter 21.1.5.2(b) requires that ratio of actual tensile strength to actual 
yield strength should be more than or equal to 1.25. 
 ASTM A706 requires that minimum elongation at fracture to be 14.0%. 
 Yield strength (fy) was determined based on 0.2% strain offset. 
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Table 4-3  Nominal post-tensioned steel properties for Wall 1, Wall 2, and Wall 3 
 
Strand 
diameter 
(in) 
Modulus of 
elasticity (Eps) 
(ksi) 
Yield 
strength (fpy) 
(ksi) 
Tensile 
strength (fpt) 
 (ksi) 
Cross-
sectional area 
(in2) 
0.6 28000 243 270 0.217 
 
 
 
Table 4-4  Measured concrete properties for Wall 2  
 
Concrete Pour 
Height 
(in) 
Compressive 
Strength+  
(ksi) 
Age* 
(days) 
1 72 6.9 65 
2 72 6.3 58 
3 72 6.3 49 
4 49  7.0 39 
+Strength at day wall was tested. *These are the ages of each concrete segment counted 
from the day the segment was poured to the day of the wall testing. 
 
 
 
Table 4-5  Measured steel reinforcement properties for Wall 2  
 
Steel size 
 
Grade Specimen  
Yield 
strength (fy) 
 (ksi) 
Tensile 
strength (ft) 
(ksi) 
Elongation 
(%) 
#3 
ASTM 
A615 
1 68.8 107.8 13.0 
2 68.0 106.2 9.0 
3 69.7 108.8 9.5 
4 68.8 109.9 11.3 
#5 
ASTM 
A706 
1 64.1 88.2 13.5 
2 63.4 87.9 18.1 
3 63.0 87.4 18.8 
4 62.8 87.3 16.9 
Note:  
 ACI 318-11 Chapter 21.1.5.2(a) requires that for steel with nominal strength of 60 
ksi, the actual yield strength should not exceed 78 ksi.  
 ACI 318-11 Chapter 21.1.5.2(b) requires that ratio of actual tensile strength to actual 
yield strength should be more than or equal to 1.25. 
 ASTM A706 requires that minimum elongation at fracture to be 14.0%. 
 Yield strength (fy) was determined based on 0.2% strain offset. 
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Table 4-6  Measured concrete properties for Wall 3 
  
Concrete Pour 
Height 
(in) 
Compressive 
Strength+ 
(ksi) 
Age* 
(days) 
1 72 5.1 46 
2 72 5.3 36 
3 72 7.9 32 
4 49  5.7 25 
+ Strength at day wall was tested. *These are the ages of each concrete segment counted 
from the day of the segment was poured to the day of the wall testing. 
 
 
 
Table 4-7  Measured steel reinforcement properties for Wall 3 
  
Steel size Grade Specimen 
Yield 
strength (fy) 
(ksi) 
Tensile 
strength (ft) 
(ksi) 
Elongation 
(%) 
#3 
ASTM 
A615 
1 69.2 111.8 12.0 
2 71.1 111.5 9.8 
3 70.1 110.8 8.8 
4 70.1 113.4 10.6 
#7 
ASTM 
A706 
1 74.8 108.0 10.1 
2 75.6 108.4 13.4 
3 77.1 108.1 11.1 
4 76.1 108.5 15.1 
Note:  
 ACI 318-11 Chapter 21.1.5.2(a) requires that for steel with nominal strength of 60 
ksi, the actual yield strength should not exceed 78 ksi.  
 ACI 318-11 Chapter 21.1.5.2(b) requires that ratio of actual tensile strength to actual 
yield strength should be more than or equal to 1.25. 
 ASTM A706 requires that minimum elongation at fracture to be 14.0%. 
 Yield strength (fy) was determined based on 0.2% strain offset. 
 
 
 
Table 4-8  Measured grout properties for Wall 3 
  
Compressive 
strength 
(ksi) 
Age* 
(days) 
6.4 21 
*This is the age of the grout counted from the day the grout was placed in the concrete 
voids to the day of the wall testing. 
 115 
 
Table 4-9  Total post-tensioned force 
 
Wall ID 
Measured initial post-tensioned 
force  
(kip) 
Normalized total 
post-tensioned stress 
(fc
 ′
*) 
UPT 1 UPT 2 UPT 3 Ppi total#/Ag+ 
Wall 1 174.5 176.3 N/A 0.08 
Wall 2 239.9 173.5 241.0 0.15 
Wall 3 247.0 198.9 255.4 0.16 
*Nominal value (6 ksi). 
#Total initial post-tensioned force in the wall. 
+Gross section area of the wall (720 in2). 
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Figure 4-1  Cross sections of Wall 1, Wall 2 and Wall 3
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Figure 4-2  Elevation of test walls  
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Figure 4-3  Steel reinforcement detail along height of wall (Rivera et al. 2013) 
  
 
1
1
9
 
 
Figure 4-4  Test setup for Wall 1
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Figure 4-5  Polytetrafluoroethylene (PTFE) pads on Wall 1 (Rivera et al. 2013) 
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(a) 
 
 
 
 
(b) 
 
Figure 4-6  Load cells for Wall 1: (a) for measuring lateral force; (b) for measuring post-
tensioned forces (Rivera et al. 2013) 
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Figure 4-7  LVDTs and rotation meters on Wall 1 
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Figure 4-8  Strain gages on longitudinal steel reinforcement of Wall 1 
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Figure 4-9  Strain gages on hoops of Wall 1 
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Figure 4-10  Strain gages on transverse steel reinforcement of Wall 1 
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Figure 4-11  Strain gages in confined concrete of Wall 1, Wall 2, and Wall 3 
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Figure 4-12  Plastic slides on Wall 1, Wall 2, and Wall 3 
 
 
 
 
 
 
 
 
 
  
 
1
2
8
 
 
Figure 4-13  Test setup for Wall 2 and Wall 3 
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Figure 4-14  Polytetrafluoroethylene (PTFE) pads on Wall 2 
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Figure 4-15  Lateral bracing of steel bracket used in test setup of Wall 2 and Wall 3 
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Figure 4-16  Load cells used for measuring post-tensioned forces for Wall 2 and Wall 3 
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Figure 4-17  Displacement transducers for Wall 2 and Wall 3 
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Figure 4-18  LVDTs and rotation meters on Wall 2 and Wall 3 
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Figure 4-19  Strain gages on longitudinal steel reinforcement of Wall 2
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Figure 4-20  Strain gages on hoops of Wall 2 
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Figure 4-21  Strain gages on transverse steel reinforcement of Wall 2 
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Figure 4-22  Polytetrafluoroethylene (PTFE) pads on Wall 3 
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Figure 4-23  Strain gages on longitudinal steel reinforcement of Wall 3 
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Figure 4-24  Strain gages on hoops of Wall 3 
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Figure 4-25  Strain gages on transverse steel reinforcement of Wall 3 
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(a) 
 
 
 
 
(b) 
 
Figure 4-26 Wall 3 conditions in the West edge: (a) before grouting; (b) after grouting 
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Figure 4-27  Complete planned loading history for tests of Wall 1, Wall 2, and Wall 3 
  
 
 
Figure 4-28  Planned force control portion of loading history for Wall 1 
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Figure 4-29  Planned force control portion of loading history for Wall 2 
 
 
 
Figure 4-30  Planned force control portion of loading history for Wall 3 
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Figure 4-31  Comparison of planned and actual loading histories during force control 
portion of test of Wall 1 
 
 
 
Figure 4-32  Comparison of planned and actual loading histories during force control 
portion of test of Wall 2 
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Figure 4-33  Comparison of planned and actual loading histories during force control 
portion of test of Wall 3 
 
 
 
Figure 4-34  Comparison of planned and actual loading histories during displacement 
control portion of test of Wall 1 (actual displacement was based on 
displacement from ACT_DISPL) 
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Figure 4-35  Corrected actual displacement from ACT_DISPL and TEMPOSONIC of 
Wall 1 starting from Cycle 37W to end of test 
 
 
 
Figure 4-36  Comparison of corrected and uncorrected displacement from TEMPOSONIC 
of Wall 1 that shows small difference 
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Figure 4-37  Corrected actual loading history during displacement control portion of test 
of Wall 2 (actual displacement was based on displacement from 
TEMPOSONIC) 
 
 
 
Figure 4-38  Corrected actual loading history during displacement control portion of test 
of Wall 3 (actual displacement was based on displacement from 
TEMPOSONIC) 
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CHAPTER 5 
EXPERIMENTAL RESULTS 
This chapter presents the experimental results for Walls 1, 2, and 3. For each wall, lateral 
load response, observed limit states (concrete cracking, yielding of longitudinal steel 
reinforcement, concrete spalling, post-tensioned steel response, fracture of longitudinal 
steel reinforcement, confined concrete response), shear deformation, and failure mode are 
presented. Comparisons are made among walls and between walls’ experimental results, 
closed form solutions, and numerical results. 
5.1 OVERVIEW 
Figure 5-1 and Figure 5-2 show schematics of the wall in its displaced configuration 
when it is loaded to West direction and East direction, respectively. Also as shown in 
these figures, the inclination of the actuator lateral force results in a vertical force 
component that causes moment due to P-Δ effect. The actuator displacements in Figures 
5-1 and 5-2 are exaggerated. The added moment was found to be small and is not 
included in the presentation of results. 
Table 5-1 shows the summary of key results of the experiments performed on the walls. 
The summary includes the maximum base moment attained, the base moment at failure, 
the drift at failure, and the failure mode.  
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5.2 WALL 1 
The content (text and figures) of this section are extracted from Rivera et al. (2013). This 
was done for the sake of completeness and to facilitate discussion and comparisons 
between walls. Modifications are made to some parts of the contents as necessary. 
Additional information also is included in this section which was not included in Rivera 
et al. (2013). 
Wall 1 was an UPT cast-in-place concrete wall that has a small post-tensioned force (see 
Table 4-9). Wall 1 underwent 15 load steps (see Figure 4-34) out of the 16 planned load 
steps (see Figure 4-27) before failure. The failure mode of the wall is due to shear along 
inclined cracks as shown in Table 5-1. Details of the cross-section of Wall 1 along a 
height of 90 inch above the base of the wall are given in Figure 4-1. 
5.2.1  Lateral Load Response 
Figure 5-3 shows a plot of the complete experimental base moment versus drift response 
of Wall 1. As mentioned in the previous chapter, the drift is represented by the ratio of 
lateral displacement at the actuator height divided by the height of the wall at the actuator 
level. In general, the hysteretic curve for Wall 1 in Figure 5-3 looks similar to that of 
cast-in-place reinforced concrete wall where there is large area under the hysteresis curve 
and there is significant residual drift. The residual drift in the wall started to increase after 
yielding of the longitudinal steel reinforcement occurred. 
The hysteresis plot in Figure 5-3 is stable (no significant strength degradation as the wall 
displaced to large lateral displacement) until Load Step 14 (Θ = 4%), Cycles 40 and 41. 
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At the peak of Cycle 42 significant strength degradation was observed and failure in the 
wall occurred during the first cycle of Load Step 15 (Θ = 5%), Cycle 43. 
Self-centering response of the wall was shown to be good especially until Load Step 10 
(Θ = 0.8%). It can be observed that the residual drift increased significantly after the wall 
was loaded to large drifts. At drift level of 4%, for example, the residual drift was about 
2.5%. 
Figure 5-4 shows a plot of the experimental envelope curve using base moment versus 
drift. This envelope curve shows key response parameters, similar to those of Srivastava 
et al. (2013), of the wall response during the test. The key response parameters are 
concrete cracking, yielding of longitudinal steel reinforcement, concrete spalling, 
yielding of post-tensioned steel, and fracture of longitudinal steel reinforcement. For each 
response parameter, the corresponding cycle number and drift are given and these 
parameters are described in the subsequent sections.  
The maximum base moment reached by Wall 1 was 52780 kip-in at Load Step 14 (Θ = 
4%) as shown in Figure 5-4. The maximum moment is significantly larger than the 
nominal moment of the wall which is 32410 kip-in. It can be observed that the nominal 
moment of the wall is slightly larger than the moment at first yielding of the longitudinal 
steel reinforcement.  
The following sections describe the response of the wall in terms of its stiffness, base 
shear, and energy dissipation capacity.  
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 Stiffness 
Figure 5-5 and Figure 5-6 show the plot of stiffness versus the load steps and drift, 
respectively. The lateral stiffness was obtained by taking the slope of the hysteresis curve 
for each load step. This was done by first, selecting data ranging from   Θ = ±0.015 to Θ 
= ±0.040, and then obtaining the regression line slope from this data. This range was 
selected to avoid data close to zero drift due to excessive static noise and to avoid the 
nonlinear portion of the lateral force-drift curve. The initial lateral stiffness at Load Step 
1 (Θ = 0.01%) was 1254 kip/in. At Load Step 2 (Θ = 0.02%), the lateral stiffness 
decreased 4% to 1202 kip/in. This trend continued throughout the subsequent load steps. 
The stiffness at the final load step was 37 kip/in, a 97% reduction compared to the initial 
stiffness. 
  Base Shear 
Figure 5-7 shows a plot of the base shear per cycle exhibited for different drift levels 
(West direction loading). In this plot, the second and third cycles are compared to the first 
cycle of a particular load step.  
This plot shows that during the elastic portion (force control) of the test, the base shear 
deteriorations at cycles 2 and 3 of the corresponding load step are almost negligible. 
However, after yielding of longitudinal steel reinforcement (Θ = 0.3%), the base shear 
deterioration ranges from 2.3% to 3.7% for the second cycle and from 2.9% to 16.7% for 
the third cycle.  
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 Energy Dissipation  
Figure 5-8 shows a plot of the normalized cumulative hysteretic energy dissipation versus 
drift. The energy dissipation of each cycle, Ed, is normalized with respect to the 
cumulative energy dissipation, Ed, max. Ed were estimated from the area enclosed by the 
cycle of the force-displacement curve. The cumulative energy dissipation is the sum of 
energy dissipation of all cycles.  
From Figure 5-8, it is evident that cycles after yielding of the longitudinal steel 
reinforcement (as shown in Figure 5-4), dissipate large amounts of energy. This 
dissipation, among other factors, is due to yielding of the longitudinal steel 
reinforcement, concrete cracking, shear sliding along cracks, yielding of PT, fracture of 
the longitudinal steel reinforcement, and nonlinear compression in concrete. 
5.2.2 Concrete Cracking 
Figure 5-9 shows a plot of the concrete strain versus drift for West direction loading. The 
concrete strain is normalized by the strain at which concrete cracks under tension. The 
strain at which the concrete cracks was estimated by dividing the concrete modulus of 
rupture, fr, by the concrete modulus of elasticity, Ec. In this research, the nominal 
concrete cracking strain, εr_n, is 132 με. 
Using strain gauges embedded in the confined section of the wall, the concrete on the 
East end of the wall was estimated to crack during Cycle 13W. The measured drift at this 
point was recorded at Θccr_o = 0.03%. Figure 5-10 shows a photograph at the end of Cycle 
13W, where cracks can be observed on the East end of the wall.   
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Figure 5-11 shows a plot of the concrete strains versus the drift for East direction loading. 
The concrete strain is normalized by the strain at which concrete cracks under tension. 
Again the strain at which the concrete cracks was estimated by dividing the concrete 
modulus of rupture, fr, by the modulus of elasticity of concrete, Ec. Using strain gauges 
embedded in the confined section of the wall, the concrete on the West end of the wall 
was estimated to crack during Cycle 13E. The measured drift at this point was recorded at 
Θccr_o = -0.03%. Figure 5-12 shows a photograph at the end of Cycle 13E, where cracks 
can be observed on the West end of the wall.   
5.2.3 Yielding of Longitudinal Steel Reinforcement 
Figure 5-13 shows the strain in the midface the longitudinal steel reinforcement (MS 2) in 
the extreme fiber of the East end of the wall. For clarity, the steel reinforcement location 
is illustrated in the wall section as shown in the figure. In the figure, the strain is 
normalized by the yield strain, εsy_n, and plotted versus the drift.  
The yield strain, εsy_n, for the #7 steel reinforcement was obtained from a tensile test 
following ASTM A370 guidelines (see Chapter 4). The tested #7 steel reinforcement was 
a cut-off section of the bar adjacent to where the strain gauge was located.  
From Figure 5-13, it can be seen that the middle longitudinal steel reinforcement (MS 2) 
reached its yield strain at about Θyms_n = 0.3%. This occurred during Cycle 22W. 
Figure 5-14 shows the strains in the longitudinal steel reinforcement (MS 4) at the North 
corner of the East end of the wall. Again, for clarity, the bar location is illustrated in the 
wall section and normalized strain in plotted against drift as shown in the figure.  
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From Figure 5-14, it can be seen that the corner longitudinal steel reinforcement (MS 4) 
reached its yield strain at about Θyms_n = 0.36%. This occurred during Cycle 25W. It is 
noted that the drift at which the corner longitudinal steel reinforcement (MS 4) yielded is 
slightly higher than the drift at which the middle longitudinal steel reinforcement (MS 2) 
yielded although both longitudinal steel reinforcement were located approximately in the 
same row in the wall. 
Figure 5-15 shows the strain in the midface longitudinal steel reinforcement (MS 1) in the 
extreme fiber of the West end of the wall. Again, for clarity, the bar location is illustrated 
in the wall section and normalized strain in plotted against drift as shown in the figure.  
From Figure 5-15, it can be seen that the middle bar (MS 1) reached its yield strain at 
about Θyms_n = -0.38%. This occurred during Cycle 25E. 
5.2.4 Concrete Spalling 
Figure 5-16 shows photographs of both the West and East ends of the wall showing the 
initiation of concrete spalling. Concrete spalling was observed to occur during Load Step 
11 (at the end of Cycles 31W and 31E). This corresponds to a drift of Θspl_o = 1.22%. 
Figure 5-17 shows the load step and cycle numbers at which concrete spalling was 
observed.  
5.2.5 Post-Tensioned Steel Response 
Figure 5-18 shows the complete response of the UPT tendon on the East side of the wall 
(UPT 1 in the figure). In the figure, normalized UPT force is plotted against drift and the 
UPT force, Pp, is normalized by the nominal post-tensioned yield force, Ppy_n. It can be 
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seen in the figure that only loading in the West direction brings the UPT 1 tendon to 
yield, while loading in the East direction brings the UPT 1 tendon to only about 85% 
yield. In addition, Figure 5-18 also shows the reduction of UPT force after yielding 
occurred. It is noted that the reduction of UPT force was also due to the shortening of the 
wall near the base. This shortening was due to crushing of concrete and buckling and 
fracture of the longitudinal steel reinforcement.   
Figure 5-19 shows the UPT force and the normalized first yielding of UPT 1 tendon. First 
yielding of UPT 1 tendon during Cycle 37W was estimated at Θllp_n = 2.77%.  
Figure 5-20 shows the complete response of the UPT tendon on the West side of the wall 
(UPT 2 in the figure). Again, in the figure, normalized UPT force is plotted against drift 
and the UPT force, Pp, is normalized by the nominal PT yield force, Ppy_n. It can be seen 
in the figure that only loading in the East direction brings the UPT 2 tendon to yield, 
while loading in the West direction brings the UPT 2 tendon to only about 95% yield. 
Figure 5-20 also shows the reduction of PT forces after yielding occurred. It is noted that 
the reduction of UPT force was also due to the shortening of the wall near the base. This 
shortening was due to crushing of concrete and buckling and fracture of the longitudinal 
steel reinforcement. 
Figure 5-21 shows the UPT force and the normalized first yielding for UPT 2 tendon. 
First yielding for UPT 2 tendon during Cycle 37E was estimated at Θllp_n = -2.57%.      
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5.2.6 Fracture of Longitudinal Steel Reinforcement 
Figure 5-22 shows a plot of the three load cycles of Load Step 14 (Θ = 4%) in which the 
buckling and fracture of the extreme fiber longitudinal steel reinforcement were 
observed. At the end of Cycle 41E, buckling of the longitudinal steel reinforcement B1E 
and B2E was observed as shown in Figure 5-23(a). Subsequently, before reaching the end 
of Cycle 42W, steel reinforcement B1E, B2E, and B3E were observed fractured (see 
Figure 5-24). The fracture of the steel reinforcement was recorded at a drift of Θfms_o = 
3.44%.  
At the end cycle 42W, buckling of the longitudinal steel reinforcement B1W was 
observed as shown in Figure 5-23(b). Subsequently, before reaching the end of Cycle 
42E, steel reinforcement B1W, B2W, and B3W were observed fractured (see Figure 5-
24). The fracture of the steel reinforcement was recorded at a drift of Θfms_o = -3.33%. 
A detailed inspection of the wall was performed at the conclusion of the test. It was found 
that no other steel reinforcement, longitudinal or otherwise, had fractured. 
5.2.7 Confined Concrete Response 
Figure 5-25 shows the compression portion of the response of the confined concrete at 
the East end of the wall. The strain gauge to measure the confined concrete strain is 
located in the centroid on the confined concrete region, and this gauge remained operable 
until it failed at the end of Cycle 19 (Θ = -0.25%). From Figure 5-25, nonlinear response 
of the confined concrete can be observed as the slope of the hysteretic loops becomes 
smaller and the unloading path differs from the loading path.  
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Figure 5-26, the compression portion of the response of the confined concrete at the West 
end of the wall, shows a similar trend. The strain gauge remained operable until it failed 
at the end of Cycle 16 (Θ = 0.15%).  
5.2.8 Shear Deformations 
Figure 5-27 shows the total shear deformations in the wall at the loading point (i.e, 150 
inch above the base of the wall). The shear deformation was calculated based on the 
diagonal and vertical arrangements of the LVDTs (see Figure 4-7).  
Figure 5-28 shows the normalized shear deformation in the wall with respect to the total 
deformation. At early load steps, shear deformations were fairly constant (about 20% to 
25% of the total deformation). At Load Step 13 (Cycle 37W, Θ = 3%) shear deformation 
in the wall increased to about 30% of the total deformation. As the wall was pushed to 
Load Step 14 (Cycle 40W, Θ = 4%), the shear deformation increased to about 40% of the 
total deformation and it increased to about 60% of the total deformation at Load Step 15 
(Cycle 43W, Θ = 5%). Significant shear deformations Load Step 15 indicated the sliding 
shear along inclined cracks in the wall. 
5.2.9 Failure Mode 
From experimental observation, it was concluded that the failure mode of the test wall 
was shear. The failure moment of the wall is about 30000 kip-in at Load Step 15 (Θ = 
5%) as shown in Table 5-1 and Figure 5-4.  
Figure 5-29 shows photographs of the progression of this failure mode. As shown in the 
photographs, shear cracks (those seen on the web portion of the wall) developed as early 
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as Cycle 13 along with flexure cracks (those seen on the boundary elements of the wall). 
During this cycle, at which shear cracks were first observed, drift was recorded at Θ = 
0.03%. As larger displacements were applied at subsequent load steps, more and larger 
flexure cracks as well as shear cracks developed. Eventually, shear cracks dominated 
over flexure cracks crushing the concrete on the web portion of the wall and exposing the 
shear steel reinforcement. After this point (during Cycle 43), Wall 1 lost its shear strength 
and therefore its ability to resist any more applied lateral force.  
Figure 5-30 shows a post-test photograph of Wall 1 after the broken concrete was 
removed from the web portion of the wall. This photograph also shows the boundary 
elements of the wall and validates the importance of the confined boundary elements of 
the wall. 
5.3 WALL 2 
Wall 2 was an UPT cast-in-place concrete wall that has a larger post-tensioned force than 
Wall 1, as shown in Table 4-9. Details of this wall are shown in Figure 4-1. Only 14 load 
steps with 41 load cycles of the load history were applied when the wall specimen failed 
as shown in Figure 4-37. The wall failed due to buckling and fracture of the longitudinal 
steel reinforcement as shown in Table 5-1. 
5.3.1 Lateral Load Response 
Figure 5-31 shows the lateral load response of the wall in terms of base moment versus 
drift. Base moment and drift were calculated as in Rivera et al. (2013). The maximum 
base moment was 43560 kip-in and the corresponding drift is about 3%. At drift of about 
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4%, the maximum base moment decreased to about 39000 kip-in. When the wall was 
loaded to the West at the second cycle of 4% drift, the based moment decreased to about 
23000 kip-in. When the wall was loaded to the East at the second cycle of 4% drift, the 
based moment decreased to about 16000 kip-in. The nominal moment, Mn of the wall 
was 31470 kip-in and it is shown in Figure 5-31. It can be observed that this moment is 
slightly larger than the moment at first yielding of the steel reinforcement.  
Figure 5-31 also shows the superposition of the envelope curve with the hysteretic curve 
to show several different response parameters observed during the test. For each response 
parameter, the corresponding cycle number and lateral drift are given and they are 
described in the subsequent sections. 
Self-centering response of the wall was shown to be good until Load Step 14 (Θ = 4%), 
Cycle 40. The residual drift at this cycle was less than 25% of the drift of 4%. The flag-
shape hysteretic curve also can be seen clearly until the end of Cycle 40. Excessive 
residual drift can be observed at the subsequent cycles until the end of the test. 
 The following sections discuss the wall response in terms of its stiffness, base shear, and 
energy dissipation capacity.  
 Stiffness 
Figure 5-32 shows the plot of stiffness versus loading steps and Figure 5-33 shows the 
plot of stiffness versus drift. The same method for determining stiffness that was used in 
Wall 1 was applied in Wall 2. Initial stiffness of Wall 2 was 1185 kip/in as can be seen in 
Figure 5-32 and Figure 5-33. Stiffness degradation in the wall was not significant before 
 160 
 
the first observed concrete cracking (Load Step 6, Θ = 0.2%). After the first observed 
concrete cracking in the wall (Load Step 7, Θ = 0.34%), the stiffness in the wall was 766 
kip/in. Significant stiffness degradation can be seen to occur right after concrete started to 
spall at Load Step 10 (Θ = 0.9%) left the stiffness of 410 kip/in. Finally, stiffness at the 
beginning of Load Step 14 (Θ = 4%) was 151 kip/in. 
 Base Shear 
Figure 5-34 shows percentage of base shear deterioration after the first cycle of each load 
steps. In general, for every second and third cycles at each load step, there was 
deterioration of base shear. Significant base shear deterioration only occurred once 
several longitudinal steel reinforcement fractured at Load Step 13 (Θ = 3%) where the 
reduction of base shear was about 14.7% at the third cycle (Cycle 39W). Base shear 
deterioration is clearly pronounced at the last load step (Θ = 3%) which shows a 28.5% 
reduction in base shear. 
 Energy Dissipation 
Figure 5-35 shows normalized cumulative energy for each lateral drift. Until lateral drift 
of 0.88%, the cumulative energy dissipation was just above 10%. As the lateral drift 
increase, the normalized energy dissipation became more significant due to yielding of 
longitudinal steel reinforcement.  
5.3.2 Concrete Cracking 
In this experimental program, the nominal concrete cracking strain, εr_n, of the concrete 
was estimated to be 132 με as explained in Section 5.2.2. Figure 5-36 shows the plot of 
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normalized concrete strain against drift. The same normalization method as in Section 
5.2.2 was used.  
Based on Figure 5-36, cracking in the wall was estimated to occur during Load Step 7 (Θ 
= 0.34%). However, Figures 5-37 and 5-38 show that the observed cracks has occurred at 
Load Step 6 (Θ = 0.2%), Cycle 16W and Cycle 16 E, respectively, at East and West ends 
of the wall. The corresponding drift at observed concrete cracking based on the strain 
gauge measurement in Figure 5-36 was estimated to be Θccr_o = 0.03%. 
5.3.3 Yielding of Longitudinal Steel Reinforcement 
Figures 5-39 and 5-40 show the plots of strain in the longitudinal steel reinforcement at 
East end of the wall, MS 2 (middle steel reinforcement) and MS 4 (corner steel 
reinforcement), respectively, versus drift. The strain in the longitudinal steel 
reinforcement, εms, was normalized with respect to the average longitudinal steel 
reinforcement yield strain from material test (see Chapter 4). The average yield strain of 
longitudinal steel reinforcement, εsy_n, was 2200 με.  
First yielding of longitudinal steel reinforcement, MS 2, in tension started during Load 
Step 7 (Θ = 0.34%), Cycle 19W at lateral drift of Θyms_n = 0.21% when the wall was 
loaded to West direction. The longitudinal corner steel reinforcement, MS 4, was 
observed to yield slightly later at drift of Θyms_n = 0.26%, Cycle 19W. This observation is 
similar to that of Wall 1 where the corner steel reinforcement, MS 4, yielded later than 
the middle steel reinforcement, MS 2. The condition of the wall at the West and East ends 
at the end of Cycle 19W is shown in Figure 5-41. 
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The longitudinal steel reinforcement at West end of the wall, MS 1 (middle steel 
reinforcement), as shown in Figure 5-42 was observed to yield for the first time when the 
wall loaded to East direction during Load Step 7 (Θ = 0.34%), Cycle 19E at drift level of 
Θyms_n = -0.19%. Figure 5-43 shows the conditions of the wall at West and East ends at 
the end of Cycle 19E. 
5.3.4 Concrete Spalling 
The start of splitting cracks in Wall 2 was observed to occur at Load Step 9 (Θ = 0.7%), 
Cycle 25, as shown in Figure 5-44. During the third cycle of this load step, Cycle 27, the 
cracks lengthen and widened. Finally, at Load Step 10 (Θ = 0.9%), Cycles 28W and 28E, 
concrete spalling occurred in the wall at West and East ends as shown in Figure 5-45. 
The lateral drift corresponding to the concrete spalling was Θspl_o = 0.9%.     
5.3.5 Post-Tensioned Steel Response 
Figures 5-46, 5-547, and 5-48 show hysteresis plots of UPT force versus drift for the 
three post-tensioned steel groups, UPT 1, UPT 2, and UPT 3, respectively. In addition, a 
straight dashed line, which represents the nominal yield force of each UPT group, is also 
included in each figure. The nominal yield forces of 7-strands UPT steel groups (UPT 1 
and UPT 3) and 5-strands UPT steel group (UPT 2) is 334.2 kips and 238.7 kips, 
respectively.  
Yielding of UPT 1 occurred at Load Step 14 (Θ = 4%), Cycle 40E, at drift of Θllp_n = -
3.32% as shown in Figure 5-46. For UPT 3, yielding occurred at Load Step 14 (Θ = 4%), 
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Cycle 40W, at drift of Θllp_n = 3.32% as shown in Figure 5-48. For UPT 2, yielding did 
not occur as shown in Figure 5-47.  
During Cycle 41 (Θ = 4%), significant loss of post-tensioning force occurred due to 
shortening of the post-tensioned steel which was caused by buckling and fracture of 
longitudinal steel reinforcement and excessive deformations in the wall. 
5.3.6 Fracture of Longitudinal Steel Reinforcement 
Figure 5-49 shows hysteresis plot of base moment versus drift for Load Steps 13 (Θ = 
3%) and 14 (Θ = 4%). In the plot, the occurrence of fracture of the longitudinal steel 
reinforcement was marked for both West and East sides of the wall. During Cycle 39W, 
it was observed the fracture of two longitudinal steel reinforcement at the outer row of 
East side boundary element and they can be seen clearly in Figure 5-50. At the same 
time, it was also observed that the steel reinforcement at the outer row of West side 
boundary element buckled and this is shown in Figure 5-51. In the subsequent cycle, 
Cycle 39E, two longitudinal steel reinforcement of the outer edge of West side boundary 
element were fractured and they can be seen in Figure 5-52. The corresponding drifts at 
first fracture of the longitudinal steel reinforcement on the East and West ends of the wall 
were Θfms_o = 1.82% and Θfms_o = -1.66%, respectively. It is noted that the fracture of the 
longitudinal steel reinforcement occurred during the third cycle of Load Step 13 (Θ = 
3%). 
Once the test was completed, additional concrete rubble was excavated in order to 
determine the number of longitudinal steel reinforcement that fractured. In total, there 
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were 16 fractured longitudinal steel reinforcement by the end of the test and they can be 
shown in Figure 5-53. 
5.3.7 Confined Concrete Response 
Figure 5-54 shows the compression portion of the confined concrete at the East end of the 
wall. The strain gauge to measure the confined concrete strain is located at the centroid of 
the confined concrete region, and this gauge remained operable until it failed at the end of 
Cycle 31E (Θ = -1.34%). From Figure 5-54, nonlinear response of the confined concrete 
can be observed as the slope of the hysteresis loops becomes smaller and the unloading 
path differs from the loading path. 
Figure 5-55 shows the conditioned of confined concrete at East and West boundary 
elements at the end of the test. It can be seen clearly that confined concrete at both 
boundary elements crushed at the height where the longitudinal steel reinforcement 
fractured. 
5.3.8 Shear Deformations 
Figure 5-56 shows the total shear deformation in the wall at loading point (i.e, at 150 inch 
above the base of the wall). Throughout the test, shear deformations were relatively small 
compared to the total deformations. Significant shear deformations were observed at last 
cycle of the test due to sliding shear in the wall because of the fracture of the longitudinal 
steel reinforcement in the boundary and web elements. 
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5.3.9 Failure Mode 
The test ended when the wall force capacity dropped significantly during the last cycle of 
the test (as shown in Figure 5-31 and Table 5-1) due to fracture of the longitudinal steel 
reinforcement after previously buckled. From this observation, the failure mode of the 
wall was buckling and fracture of the longitudinal steel reinforcement. 
5.4 WALL 3 
Wall 3 was an UPT cast-in-place concrete wall that has a high post-tensioned force as 
shown in Table 4-9. Wall 3 has the same number of UPT steel groups as Wall 2 (as 
shown in Figure 4-1. Different detailing was applied to the longitudinal steel 
reinforcement at the boundary elements of Wall 3 as compared to those of Wall 1 and 
Wall 2. Only 12 load steps with 35 load cycles of the load history were applied when 
Wall 3 failed. The wall failed due to shear as noted in Table 5-1. 
5.4.1 Lateral Load Response 
Figure 5-57 shows the lateral load response of Wall 3 in terms of base moment versus 
drift. The maximum base moment was 35700 kip-in and the corresponding drift is about 
2%. When the wall was loaded to the West at the second cycle of 2% drift, the based 
moment decreased to about 30000 kip-in. When the wall was loaded to the East at the 
second cycle of 2% drift, the based moment decreased to about 14000 kip-in. The 
nominal moment, Mn of the wall was 34280 kip-in and it is shown on the envelope curve.  
Figure 5-57 also shows the superposition of the envelope curve with the hysteretic curve 
to show several different response parameters observed during the test. In each response 
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parameter, the corresponding cycle number and lateral drift are given and these are 
described in the subsequent sections. 
Self-centering response of the wall was shown to be good until Load Step 11 (Θ = 1.3%), 
Cycle 33. The residual drift at this cycle was slightly less than 25% of the peak drift of 
1.3%. The flag-shape hysteretic curve also can be seen clearly until the end of Cycle 33. 
Excessive residual drift can be observed at the subsequent cycles until the end of the test. 
 The following sections discuss the wall response in terms of its stiffness, base shear, and 
energy dissipation capacity.  
 Stiffness 
The initial stiffness of Wall 3 was 1076 kip/in. Stiffness degradation occurred in gradual 
fashion as shown in Figures 5-58 and 5-59. By Load Step 6 (Θ = 0.2%), the wall stiffness 
was about 70% of the initial stiffness. At the beginning of the last step, Load Step 12 (Θ 
= 2%), the stiffness of the wall was approximately one tenth of the initial stiffness. 
Stiffness degradation occurred mainly due to concrete cracking, concrete cover spalling, 
and yielding of the longitudinal steel reinforcement. 
  Base Shear 
Figure 5-60 shows percentage of base shear deterioration after the first cycle of each load 
steps. In general, for every second and third cycles at each load step, there was 
deterioration of base shear. Significant base shear deterioration occurred at last load step, 
Load Step 12 (Θ = 2%). The base shear deterioration was about 14%. 
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 Energy Dissipation 
Figure 5-61 shows the plot of normalized cumulative energy versus drift. The energy 
dissipates during each loading cycles was compared to the total energy dissipation. Early 
on until a drift of 0.59%, the energy dissipated in each cycle was less than 10% of the 
total dissipation. This was an indication that until this point during the test, damage in the 
wall was not significant and yielding of longitudinal steel reinforcement was not 
significant. It also indicated that the self-centering response of the wall was good. In the 
subsequent cycles, the energy dissipation became significant which indicates more 
damage in the wall. 
5.4.2 Concrete Cracking 
Concrete cracking was observed for the first time at Cycle 16W. The type of concrete 
crack was a vertical splitting crack as shown in Figure 5-62. This crack started from the 
Southwest toe of the wall. Figure 5-63 shows similar concrete crack that formed in the 
East side of the wall during Cycle 18E. This figure of vertical cracking was different 
from the first cracking observed in Wall 1 and Wall 2 (e.g. flexure and shear cracking). 
Flexure-shear cracks and shear cracks did not occur until Cycle 25W and Cycle 25E 
respectively for Southeast and Southwest sides of the wall. Figures 5-64 and 5-65 show 
these concrete cracks on the wall. 
5.4.3 Yielding of Longitudinal Steel Reinforcement 
Figure 5-66 shows a plot of strain in the debonded longitudinal center steel reinforcement 
of the East boundary element versus drift. The corresponding strain gauge was SG 11 
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(see Figure 4-23). The strain was normalized with respect to the yield strain based on 
material test (Chapter 4). Figure 5-67 displays an enlargement of Figure 5-66 to 
emphasize the occurrence of yielding of the longitudinal steel reinforcement. According 
to this plot, the longitudinal steel reinforcement yielded during Cycle 25W, at drift of 
Θyms_n = 0.5%, which was indicated by the normalized strain that passed unity. 
Figure 5-68 shows a plot of strain in the debonded longitudinal center steel reinforcement 
of the West boundary element versus drift. The corresponding strain gauge was SG 9 (see 
Figure 4-23). Figure 5-69 displays an enlargement of Figure 5-68 to emphasize the 
occurrence of yielding of the longitudinal steel reinforcement. According to Figure 5-69, 
the longitudinal steel reinforcement yielded during Cycle 25E at drift of Θyms_n = -0.5%. 
5.4.4 Concrete Spalling 
Figure 5-70 shows the condition of boundary element at West end of Wall 3. It can be 
seen that concrete cover immediately above the foundation block spalled. This was the 
first occurrence of concrete spalling observed which happened during Cycle 28W, at drift 
of Θspl_o = 0.9%. As for the East end of the wall, the occurrence of concrete spalling was 
observed during Cycle 28E, at drift of Θspl_o = -0.9% as shown in Figure 5-71. 
5.4.5 Post-Tensioned Steel Response 
Figures 5-72, 5-73, and 5-74 show plots of UPT force versus drift for the first (UPT 1), 
second (UPT 2), and third group (UPT 3) of UPT steel, respectively. Nominal yield force 
limit was shown in each figure by a dashed line. As shown in these plots, none of the 
post-tensioned steel groups yielded during the test. The sudden drop of UPT forces in 
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those plots, which started from the end of Cycle 35W, were due to the overall shortening 
of the wall caused by failure. 
5.4.6 Shear Deformations 
Total shear deformations at the loading point in Wall 3 are shown in Figure 5-75. Shear 
deformations became significant after the peak load of Cycle 35W. In between the peak 
load and the end of Cycle 35W, there was a sliding shear occur which indicated by the 
reduction of wall base shear as the lateral drift increased. More pronounced shear 
deformation occurred between the peak load and the end of Cycle 35E.   
5.4.7 Failure Mode 
Figure 5-76 shows the condition of Wall 3 at the end of Cycle 34E.  During this load 
cycle, new diagonal cracks formed in the web that were flatter than the existing cracks.  
At the same time, significant gap opening at West end of the base of the wall started to 
penetrate to the web area. This imposed high tensile strain to the web longitudinal steel 
reinforcement at the wall-foundation interface. In addition, initial spalling of web cover 
was observed.  
During Cycle 35W, the wall did not reach the same maximum load as that of Cycle 34W 
as shown in Figure 5-77. At the peak load of Cycle 35W, at South side of the wall as 
shown in Figure 5-78, crushing of web concrete cover at the base over a small height 
occurred (this was accompanied by a reduction of base shear). Additionally, there were 
formations of vertical crack as well as horizontal crack in the web.  This was immediately 
followed by spalling of some concrete cover of Northwest boundary element and 
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crushing of web concrete cover near the wall base over a small height at the North face of 
the wall as can be seen in Figure 5-79. It is possible that some of the longitudinal steel 
reinforcement (West side) in the web buckled during reloading due to tensile plastic 
deformation from the previous cycle that could not be recovered when these bars 
subjected to axial compression load. This might cause the shear sliding in the plastic 
hinge area of the wall. 
According to the shear deformation data as shown in Figure 5-77, right after the peak 
load of Cycle 35W there was an increase in shear deformation of the wall, which is an 
indication of the shear sliding. Comparison of photographs at the peak load and at the end 
of Cycle 35W, shown in Figure 5-80, shows that in the middle part of the web slightly 
above the base, there was a misalignment of concrete surface along new diagonal cracks, 
which occurred during the reduction of strength from the peak load. Figure 5-81 shows 
the condition of web longitudinal steel reinforcement at South side of the wall after 
concrete removal process. It can be seen clearly that the longitudinal steel reinforcement 
buckled. 
The condition of Wall 3 at the peak load and at the end of Cycle 35E is shown in Figure 
5-82. Based on Figure 5-83(a), there was a crack at the end of Cycle 32W that formed 
inside the concrete cover. As the lateral drift increased, Figure 5-83(b) and Figure 5-
83(c), the size of the crack widen. During Cycle 35E, the bond stresses along the web 
longitudinal steel reinforcement caused splitting cracks at the bars to propagate and form 
a splitting plane in the concrete cover along the plane of the bars. Figure 5-84 shows the 
large sections of web concrete that were separated from the wall along the plane of the 
vertical web reinforcement.  Following the splitting along this plane, the web longitudinal 
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steel reinforcement buckled in compression and the sliding shear occurred as the lateral 
drift increased. 
In summary, failure of Wall 3 was precipitated by splitting of the concrete cover in a 
plane containing the longitudinal steel web reinforcement. The formation of this splitting 
plane led to a loss of lateral restraint for the longitudinal steel web reinforcement, and 
buckling of the steel reinforcement upon reversal of load on the wall. Loss of the web 
concrete and buckling of the longitudinal steel web reinforcement led to shear failure in 
the wall. A description of the formation of the splitting plane along the longitudinal web 
steel reinforcement is given below. It is noted here that a construction error caused the 
web steel reinforcement to be placed closer to the South face of the wall than was 
intended. As a result, there was excess concrete cover over the longitudinal web steel 
reinforcement on the north face of the wall, and insufficient concrete cover over the 
longitudinal steel web reinforcement on the South face of the wall.   
Several factors contributed to the observed splitting of the concrete cover along a plane 
containing the longitudinal steel web reinforcement. First, compression stress in the web 
concrete caused transverse strain in the concrete due to the Poisson effect. Because the 
main flexural reinforcement was either terminated or deboned the wall exhibited reduced 
flexural cracking. As a result, large strains develop in the bonded longitudinal steel web 
reinforcement at the gap opening concentrated at the base of the wall. The radial 
component of the bond stress contributed additional transverse tension in the web 
concrete in the vicinity of the longitudinal steel web reinforcement. As bond failure 
occurs, concrete along the ribs of the longitudinal steel web reinforcement crushes, and 
the radial component of bond stress increases relative to the longitudinal component 
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along the length of the bars. This contributes even more transverse tension to the concrete 
cover. Bond stresses along the vertical bars on the South face of the wall (where cover 
was reduced) are likely to split the concrete cover along the length of the bars, and 
evidence of this was observed during the test. The transverse steel web reinforcement 
would tend to keep these cracks narrow. In contrast, the increased concrete cover on the 
North face of the wall would resist splitting along the length of the steel reinforcement, 
and instead contribute to a splitting failure along the plane of the steel reinforcement, as 
was observed in the test. No steel reinforcement crosses this vertical splitting plane, so 
once the cover splits, the longitudinal steel web reinforcement become unrestrained and 
will easily buckle when in compression upon load reversal. The longitudinal steel web 
reinforcement were observed to have buckled near the end of the test. The amount web 
concrete lost as part of the splitting plane comprised a large percentage of the web 
concrete, and thus amounted to a large reduction in shear strength. The buckled vertical 
bars would offer no shear resistance. The result was a shear failure in the wall.  
5.5 DISCUSSION OF EXPERIMENTAL RESULTS 
This section presents a discussion of the experimental results. Results of the experiments 
of Walls 1, 2, and 3 are compared to each other in terms of softening behavior, self-
centering behavior, energy dissipation capacity, concrete cracking, moment capacity, and 
failure mode. In addition, comparisons are made between the experimental results and 
closed form equations (CFE) from Srivastava et al. (2013) and between experimental 
results and numerical results explained in Chapter 3. 
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5.5.1 Wall Softening Behavior 
Wall 1 was designed to include small post-tensioned force. It is expected that the self-
centering response of Wall 1 is similar to the cast-in place reinforced concrete wall (i.e. 
having large residual drift). Wall 2 was designed to include large post-tensioned force 
that is larger than Wall 1 with expectation that the wall will have improved self-centering 
response. Wall 3 was designed as such (having large post-tensioned force and different 
detailing of the longitudinal steel reinforcement) that it was expected to have better self-
centering response than those of Wall 1 and Wall 2. 
Wall 1 and Wall 2 were expected to soften due to damage. The damage includes concrete 
cracking, yielding of longitudinal steel reinforcement, and concrete spalling. Results from 
experiments of Wall 1 and Wall 2 confirm the expectation. Wall 3 was expected to soften 
due to gap opening and nonlinear behavior of concrete in compression. Results from the 
experiment of Wall 3 show that the wall soften due to gap opening that grew as lateral 
drift increase in addition to damage in the wall (i.e. splitting cracks), which confirm the 
expectation. 
First concrete shear and flexure-shear cracks were observed to occurred in Wall 1 during 
Load Step 5 (Θ = 0.1%). For Wall 2 the first concrete shear and flexure-shear cracks were 
observed to occur during Load Step 6 (Θ = 0.2%). As for Wall 3, the first concrete shear 
and flexure-shear cracks was observed to occur during Load Step 9 (Θ = 0.59%). These 
cracks in Walls 1, 2 and 3 grew as the lateral drift in the walls increase. These cracks 
contributed to the softening of the walls. It is noted that the occurrence of first shear and 
flexure-shear cracks in Wall 3 was expected to occur at much later time compared to the 
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occurrence of first shear and flexure-shear cracks in Wall 1 and Wall 2. This was due to 
the detailing (cut-off and debonded) of the longitudinal steel reinforcement in the 
boundary elements of Wall 3. 
Yielding of the longitudinal steel reinforcement in Walls 1, 2 and 3 for West direction 
loading occurred at drifts of Θyms_n = 0.30%, Θyms_n = 0.21%, and Θyms_n = 0.51%, 
respectively. As for East direction loading, yielding of the longitudinal steel 
reinforcement in Walls 1, 2, and 3 occurred at drifts of Θyms_n = 0.38% and at Θyms_n = 
0.19%, and Θyms_n = 0.50%, respectively.  
Later occurrences of shear and flexure-shear cracks and yielding of the longitudinal steel 
reinforcement in Wall 3 implied that less damage in Wall 3 than in Wall 1 and Wall 2 at 
early load cycles as shown in Figure 5-64. 
Concrete spalling in Walls 1, 2, and 3 for West direction loading occurred at drifts of 
Θspl_o = 1.22%, Θspl_o = 0.90%, and Θspl_o = 0.90%, respectively. As for East direction 
loading, concrete spalling in Walls 1, 2, and 3 occurred at drifts of Θspl_o = 1.22%, Θspl_o 
= 0.90%, and Θspl_o = 0.90%, respectively. Concrete spalling in Walls 2 and 3 for West 
direction and East direction loadings occurred at similar drift, namely, Θspl_o = 0.90%. 
This was expected since the total post-tensioned force in both walls almost similar. 
5.5.2 Wall Self-centering Behavior 
As mentioned in the previous section, Wall 1 was expected to not have good self-
centering behavior, which indicated by large residual drift. Wall 2 and Wall 3 were 
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expected to have improved self-centering behavior, which indicated by small residual 
drift. 
The post-tensioned force and the size of the longitudinal steel reinforcement in the wall 
are among the parameters that influence the difference in self-centering response of Walls 
1, 2, and 3. Larger post-tensioned force and smaller size of longitudinal steel 
reinforcement in Wall 2 than in Wall 1 suggest that Wall 2 has more capability, to close 
crack openings in the wall and to yield the longitudinal steel reinforcement in 
compression (after yield in tension), than Wall 1. This capability results in smaller 
residual drift in Wall 2 than in Wall 1. Nonetheless, small residual drift in Wall 2 
indicates reduction in energy dissipation capacity (small area under the hysteresis loops) 
as shown in Figure 5-85. 
As shown in Figure 5-86, the self-centering capacities of Wall 2 and Wall 3 are almost 
comparable at drifts less than 1%. At drift of about 2%, more residual drift in Wall 3 can 
be seen than in Wall 2. It is noted that at drift of about 2%, significant deteriorations in 
Wall 3 was observed that include concrete crushing and buckling of web longitudinal 
steel reinforcement.  
5.5.3 Energy Dissipation Capacity 
As shown in Figures 5-85 and 5-86, the energy dissipation capacity of Wall 1 is larger 
(shown by large area under hysteresis loops) than the energy dissipation capacities of 
Wall 2 and Wall 3. Large energy dissipation in Wall 1 was attributed to the yielding of 
longitudinal steel reinforcement in tension, concrete cracking, and concrete spalling. The 
energy dissipation in Walls 2 and 3 were slightly different at drift less than 1% as shown 
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in Figure 5-86(a). At drift of about 2%, as shown in Figure 5-86(b), energy dissipation in 
Wall 3 is larger than that in Wall 2 due to significant damage in Wall 3.  
5.5.4 Concrete Cracking 
It is noted that the nature of concrete cracking in Wall 3 is different from those of Wall 1 
and Wall 2 as shown in Figures 5-64 and 5-65. Due to different detailing of the 
longitudinal steel reinforcement in the boundary elements of Wall 3, shear and flexure-
shear cracks initiated from a distance further up from the base of the wall. 
Figure 5-87 shows the damage in Wall 1 and Wall 2 and the damage in a conventional 
reinforced concrete wall, UPT precast concrete wall, UPT hybrid precast concrete wall. 
Figure 5-87 show the conditions of the walls at drift level of about 2%. It can be seen that 
concrete cracks in Wall 1 and Wall 2, as shown in Figure 5-87(a) have similar 
characteristic to the cracks in the conventional reinforced concrete wall, as shown in 
Figure 5-87(b). This is due to the use of bonded longitudinal steel reinforcement. Much 
less damage from cracking is observed in the UPT precast concrete wall and the UPT 
hybrid precast concrete wall, as shown in Figures 5-87(c) and 5-87(d), respectively. This 
emphasizes the effect of using bonded longitudinal steel reinforcement in the UPT cast-
in- place concrete wall that results in more damage in the wall. 
5.5.5 Moment Capacity 
Figures 5-88 and 5-89 show plots of base moment envelope versus drift for Wall 1 and 
Wall 2 and for Wall 2 and Wall 3, respectively. It can be seen in these figures that the 
maximum base moment of Wall 1 is larger than those of Wall 2 and Wall 3. Maximum 
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base moment for Walls 1, 2, and 3 was 52780 kip-in, 43560 kip-in, and 35700 kip-in, 
respectively. It is noted that at drifts below 0.4%, as shown in Figure 5-88, Wall 1 and 
Wall 2 show approximately same base moment at any drifts. Small base moment in Wall 
3 as shown in Figure 5-89 was not expected since Wall 3 was designed to have 
comparable strength to Wall 1 and Wall 2. 
5.5.6 Failure Mode  
The failure of Wall 1 was due to sliding shear along inclined cracks in the wall. This 
failure mode was not expected since Wall 1 was designed to have high shear capacity. It 
is noted that the angle of shear cracks in Wall 1 was less than 45 degree (angle of 45 
degree was assumed in the shear design of the wall) and this may contribute to the 
reduction of number of shear reinforcement carrying the shear along the cracks.  
The failure of Wall 2 was due to buckling and fracture of the longitudinal steel 
reinforcement and this failure mode was expected. As for Wall 3, the failure mode was 
shear and this failure mode was not expected. Bond failure, concrete spalling, and 
construction error were among the contributor to this failure mode. 
5.6 EXPERIMENTAL RESULTS VS CLOSED FORM EQUATION (CFE) 
Figures 5-90 and 5-91 show the comparisons of experimental results to the closed form 
equation (CFE). The comparisons are only available for Wall 1 and Wall 2 since the CFE 
was developed based on UPT cast-in-place concrete wall with similar detailing as Walls 
1 and 2. It is noted that Wall 3 has different detailing compared to Walls 1 and 2.  
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In Srivastava et al. (2013), Wall 1 and Wall 2 were assigned as PW1.0.0 and PW2.0.0 
respectively. Plots of limit states points (for CFE) in Figures 5-90 and 5-91 correspond to 
the data in Table 5-3. For Wall 1, the predicted lateral drift at which first yielding of 
longitudinal steel reinforcement occurred was smaller for CFE than for experimental 
results. The drifts were 0.18% and 0.30% for CFE and experimental results, respectively. 
For Wall 2, the difference in drifts at first yielding of longitudinal steel reinforcement 
from CFE and experimental results is small. The drifts were 0.18% for CFE and 0.21% 
for experimental results.  
As shown in Table 5-3 and Figures 5-90 and 5-91, the drifts at which post-tensioned steel 
yield is smaller in CFE than in the experimental results. As for fracture of the 
longitudinal steel reinforcement, CFE shows larger drift at which fracture occurred in 
Wall 1 and shows smaller drift at which fracture occurred in Wall 2 than experimental 
results. It is noted that in CFE, fracture of longitudinal steel reinforcement that was 
preceded by buckling was not considered. Crushing of confined concrete limit state was 
not observed in the experiment.  
5.7 EXPERIMENTAL RESULTS VS NUMERICAL RESULTS 
Chapter 3 describes the process of designing Wall 1 and Wall 2 and wall numerical 
modeling that was done for predicting the behavior of these walls. Figures 5-92 and 5-93 
show the comparisons of numerical results from Chapter 3 to the experimental results.  
The wall numerical models predicted the strength of the walls quite good especially for 
West direction loading. As shown in Figures 5-92 and 5-93, the maximum base moment 
for Wall 1 and Wall 2 predicted by numerical models is 51180 kip-in and 46000 kip-in, 
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respectively. From experimental results, the base moment is 52780 kip-in and 43560 kip-
in for Wall 1 and Wall 2, respectively. For East direction loading, the strength of Wall 1 
and Wall 2 are larger in the numerical models than in the experimental results.  
Energy dissipation capacities of Wall 1 and Wall 2 from numerical models are larger than 
those from experimental results and similar trend is observed for the residual drift. It is 
noted that the current wall numerical model has several limitations by not including 
observed phenomena in the experiments.  
Chapter 6 presents a wall numerical model approach that incorporates observed 
phenomena in the experiments that include yielding penetration of longitudinal steel 
reinforcement into the foundation, buckling and fracture of longitudinal steel 
reinforcement, and shear failure. 
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Table 5-1 Summary of general responses from experimental results of Wall 1, Wall 2, 
and Wall 3 
 
Wall ID 
Maximum 
base moment 
(kip-in) 
Drift at 
maximum 
base 
moment 
(%) 
Failure 
drift 
(%) 
Failure mode 
Wall 1 52780 3.8 4.8 
Sliding shear along 
inclined cracks 
Wall 2 43560 3.0 4.0 
Buckling and fracture of 
longitudinal steel 
reinforcement 
Wall 3 35700 2.0 2.0 Shear 
Note: failure drifts represent the condition at which the maximum base moment of the 
walls has been reduced by more than 20% (except for Wall 3). The data in table shows 
results from West direction loading.   
 
 
Table 5-2 Experimental drift values of Wall 1, Wall 2, and Wall 3 for select limit 
states 
 
Wall ID 
Loading 
direction 
Concrete 
cracking 
Θccr_o  
(%) 
Yielding of 
longitudinal 
steel 
Θyms_n  
(%) 
Concrete 
spalling 
Θspl_o  
(%) 
PT 
yielding 
Θllp_n  
(%) 
Fracture of 
longitudinal 
steel 
Θfms_o  
(%) 
Wall 1 
West  0.03 0.30 1.22 2.77 3.44* 
East  -0.03 -0.38 -1.22 -2.57 3.33* 
Wall 2 
West  0.03 0.21 0.90 3.32 1.82* 
East  -0.03 -0.19 -0.90 -3.32 1.66* 
Wall 3 
West  N/A 0.51 0.90 N/A N/A 
East  N/A -0.50 -0.90 N/A N/A 
*Occurred during the third cycle. 
 
 
Table 5-3 Analytically predicted drift values for select limit states based on Srivastava 
et al. (2013) 
 
Wall ID 
ELL1 
Θell1 
(%) 
ELL2 
Θell2 
(%) 
ELL3 
Θell3 
(%) 
ELL4* 
Θell4 
(%) 
FMS 
Θfms 
(%) 
LLP 
Θllp  
(%) 
CCC 
Θccc 
(%) 
Wall 1# 0.25 0.54 0.04 0.18 2.18 2.23 6.43 
Wall 2+ 0.29 0.43 0.08 0.18 2.25 2.31 4.40 
*Corresponding to yield of longitudinal steel reinforcement. 
#This corresponds to PW1.0.0 in Srivastava et al. (2013). 
+This corresponds to PW2.0.0 in Srivastava et al. (2013). 
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Figure 5-1 Displaced state of wall loaded East (Rivera et al. 2013) 
 
 
 
 
 
Figure 5-2 Displaced state of wall loaded West (Rivera et al. 2013) 
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Figure 5-3 Complete experimental response base moment versus drift of Wall 1 
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Figure 5-4 Experimental envelope curve and complete hysteretic response including observed wall behavior and limit states 
of Wall 1
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Figure 5-5 Stiffness versus loading steps of Wall 1 
 
 
 
Figure 5-6 Stiffness versus drift of Wall 1 
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Figure 5-7 Base shear versus drift including percent strength deterioration on second 
and third cycles with respect to strength in the first cycle of Wall 1 
 
 
Figure 5-8 Normalized cumulative energy versus drift including percent of energy 
dissipated per cycle of Wall 1 
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Figure 5-9 Normalized concrete strain versus drift including the drift at which concrete 
cracking first observed on East side of Wall 1 
 
 
 
Figure 5-10 Photograph of observed initiation of concrete cracking on East side of Wall 
1 (Rivera et al. 2013) 
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Figure 5-11 Normalized concrete strain versus drift including the drift at which concrete 
cracking first observed on West side of Wall 1 
 
 
 
Figure 5-12 Photograph of observed initiation of concrete cracking on West side of Wall 
1 (Rivera et al. 2013) 
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Figure 5-13 Normalized strain versus drift of longitudinal middle bar (MS 2) on East 
boundary element of Wall 1 
 
 
Figure 5-14 Normalized strain versus drift of longitudinal corner bar (MS 4) on East 
boundary element of Wall 1 
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Figure 5-15 Normalized strain versus drift of longitudinal middle bar (MS 1) on West 
boundary element of Wall 1 
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Figure 5-16 Photographs of initiation of observed concrete spalling during Load Step 11 
(Θ = 1.22%), Cycle 31 of Wall 1 
 
West end 
Cycle 31W 
Θspl_o  = 1.22% 
East end 
Cycle 31E 
Θspl_o  = 1.22% 
West end 
Cycle 31W 
Θspl_o  = 1.22% 
East end 
Cycle 31E 
Θspl_o  = 1.22% 
 191 
 
 
Figure 5-17 Initiation of concrete spalling during Load Step 11 (Θ = 1.22%), Cycle 31 
of Wall 1 (Rivera et al. 2013) 
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Figure 5-18 UPT Force versus drift of UPT 1 of Wall 1 
 
 
Figure 5-19 UPT Force versus drift including drift at which first observed yielding of 
UPT 1 of Wall 1 
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Figure 5-20 UPT Force versus drift of UPT 2 of Wall 1 
 
 
Figure 5-21 UPT Force versus drift including drift at which first observed yielding of 
UPT 2 of Wall 1 
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Figure 5-22 Observed buckling and fracture of longitudinal steel reinforcement shown 
in the hysteresis plot (base moment versus drift) at Load Step 13 (Θ = 
3.73%) in Wall 1 
 
 
 
 
 
(a) 
 
 
 
(b) 
 
Figure 5-23 Photographs of observed buckled longitudinal steel reinforcement in Wall 
1: (a) at peak of Cycle 41E; (b) at peak of Cycle 42W 
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Figure 5-24 Photographs of fractured longitudinal steel reinforcement on East and West 
sides of Wall 1 (Rivera et al. 2013) 
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Figure 5-25 Confined concrete strain at East end of Wall 1 
 
 
 
Figure 5-26 Confined concrete strain at West end of Wall 1 
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Figure 5-27 Total shear deformation at loading point (i.e., at 150 inch above wall base) 
in Wall 1 
 
 
 
Figure 5-28  Contributions of shear and flexure to total deformation in Wall 1 
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Figure 5-29 Photographs of progression of shear failure in Wall 1 (Rivera et al. 2013) 
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Figure 5-30 Confined concrete conditions in boundary elements of Wall 1 after 
excavation of concrete in web element (Rivera et al. 2013)  
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Figure 5-31 Experimental envelope curve and complete hysteretic response including observed wall behavior and limit states 
of Wall 2 
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Figure 5-32 Stiffness versus loading steps of Wall 2 
 
 
Figure 5-33 Stiffness versus drift of Wall 2  
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Figure 5-34 Base shear versus drift including percent strength deterioration on second 
and third cycles with respect to strength in first cycle of Wall 2 
 
 
Figure 5-35 Normalized cumulative energy versus drift including percent of energy 
dissipated per cycle of Wall 2 
0
25
50
75
100
125
150
175
200
225
250
275
300
325
350
375
400
0.01 0.03 0.07 0.00 0.09 0.20 0.34 0.40 0.71 0.88 1.34 2.02 2.99 4.01
B
a
se
 S
h
ea
r 
(k
ip
)
Drift (%)
1st Cycle
2nd Cycle
3rd Cycle
-0.05%
-0.09%
Percent deterioration
versus 1st Cycle
0.04%
-0.01%
0.02%
0.07%
-4.3%
-6.8%
-2.2%
-3.2%
-8.7%
-9.9%
-1.0%
-1.9%
-9.1%
-9.3%
-2.5%
-3.2%
-2.5%
-3.2%
-2.9%
-3.8%
-6.1%
-14.7%
-25.8%
-0.9%
-1.2%
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0.01 0.03 0.07 0.00 0.09 0.20 0.34 0.40 0.71 0.88 1.34 2.02 2.99 4.01
N
o
rm
a
li
ze
d
 
C
u
m
u
la
ti
v
e
 
E
n
e
rg
y
 (
E
d
/E
d
,m
a
x
)
Drift (%)
1st Cycle
2nd Cycle
3rd Cycle
2.1%
1.8%
1.8%
3.9%
3.4%
3.4%
6.9%
6.3%
6.3%
9.5%
10.7%
11.8%
13.7%
11.7%
Percent of energy 
dissipated per 
cycle
 203 
 
 
Figure 5-36 Normalized concrete strain versus drift including drift at which concrete 
cracking first observed on the East side of Wall 2 
 
 
 
Figure 5-37 Photograph of observed initiation of concrete cracking on East side of Wall 
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Figure 5-38 Photograph of observed initiation of concrete cracking on West side of Wall 
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Figure 5-39 Normalized strain versus drift of longitudinal middle bar (MS 2) on East 
side of boundary element of Wall 2 
 
 
Figure 5-40  Normalized strain versus drift of longitudinal corner bar (MS 4) on East 
side of boundary element of Wall 2 
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Figure 5-41 Photographs of observed concrete cracking on East and West sides of Wall 
2 at end of Cycle 19W 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EAST WEST 
 207 
 
 
 
Figure 5-42 Normalized strain versus drift of longitudinal middle bar (MS 2) on East 
side of boundary element of Wall 2 
 
 
 
Figure 5-43 Photographs of observed concrete cracking on East and West sides of Wall 
2 at end of Cycle 19E 
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Figure 5-44 Photographs of observed progression of concrete splitting at West and East 
ends of Wall 2 
 
 
 
Figure 5-45 Photographs of observed concrete spalling on West and East ends of Wall 2 
at end of Cycle 28 
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Figure 5-46 UPT force versus drift including drift at which first observed yielding of 
UPT 1 of Wall 2 
 
 
Figure 5-47 UPT force versus drift of UPT 2 of Wall 2 
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Figure 5-48 UPT force versus drift including drift at which first observed yielding of 
UPT 3 of Wall 2 
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Figure 5-49 Observed buckling and fracture of longitudinal steel reinforcement shown 
in hysteresis plot (base moment versus drift) at Load Step 12 (Θ = 3%) in 
Wall 2 
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Figure 5-50 Photographs of observed fractured longitudinal steel reinforcement at Cycle 
39W of Wall 2 
 
 
 
 
Figure 5-51 Photograph of observed buckled longitudinal steel reinforcement at Cycle 
39W of Wall 2  
 
 
EAST EAST 
WEST 
 213 
 
 
 
Figure 5-52 Photographs of observed fractured longitudinal steel reinforcement at Cycle 
39E of Wall 2 
 
WEST 
WEST 
  
 
2
1
4
 
 
 
Figure 5-53 Photographs of observed fractured longitudinal steel reinforcement at end of test of Wall 2 
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Figure 5-54 Confined concrete strain at East end of Wall 2 
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Figure 5-55 Photographs of confined concrete conditions at end of test of Wall 2 
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Figure 5-56 Total shear deformation at loading point (i.e., at 150 inch above wall base) 
in Wall 2 
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Figure 5-57 Experimental envelope curve and complete hysteretic response including observed wall behavior and limit states 
of Wall 3  
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Figure 5-58 Stiffness versus loading steps of Wall 3 
 
 
Figure 5-59 Stiffness versus drift of Wall 3 
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Figure 5-60 Base shear versus drift including percent strength deterioration on second 
and third cycles with respect to strength on first cycle of Wall 3 
 
 
Figure 5-61 Normalized cumulative energy versus drift including percent of energy 
dissipated per cycle of Wall 3 
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Figure 5-62 Photograph of observed splitting crack on West side of Wall 3 at Cycle 
16W 
 
 
 
 
Figure 5-63 Photograph of observed splitting crack on East side of Wall 3 at Cycle 18E 
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Figure 5-64 Photograph of observed diagonal cracks on East side of Wall 3 at Cycle 
25W  
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Figure 5-65 Photograph of observed diagonal cracks on West side of Wall 3 at Cycle 
25E 
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Figure 5-66 Normalized strain versus drift of longitudinal middle bar (MS 4) on East 
boundary element of Wall 3 
 
 
Figure 5-67 First yielding of debonded longitudinal steel reinforcement on East 
boundary element of Wall 3 
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Figure 5-68 Normalized strain versus drift of longitudinal middle bar (MS 3) on West 
boundary element of Wall 3 
 
 
Figure 5-69 First yielding of debonded longitudinal steel reinforcement on West 
boundary element of Wall 3 
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Figure 5-70 Photograph of observed cconcrete spalling at Cycle 28W on West side of 
Wall 3 
 
 
 
 
 
Figure 5-71 Photograph of observed concrete spalling at Cycle 28E on West side of 
Wall 3 
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Figure 5-72 UPT force versus drift of UPT 1 of Wall 3 
 
 
 
Figure 5-73 UPT force versus drift of UPT 2 of Wall 3 
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Figure 5-74 UPT force versus drift of UPT 3 of Wall 3 
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Figure 5-75 Lateral force versus total drift of Wall 3 emphasizing last load step, Load 
Step 12 (Θ = 2%) 
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Figure 5-76 Condition of Wall 3 at end of Cycle 34E – South side  
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Figure 5-77 Total shear deformation at loading point (i.e., at 150 in above wall base) in 
Wall 3 
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Figure 5-78 Condition of Wall 3 at peak of Cycle 35 W – South side 
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Figure 5-79 Condition of Wall 3 at peak of Cycle 35 W – North side 
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(a) 
 
 
 
(b) 
 
Figure 5-80 Comparison of conditions of web of Wall 3 just above foundation block – 
South side: (a) at peak load of Cycle 35W; (b) at end of Cycle 35W 
Concrete misalignment 
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Figure 5-81 Conditions of web longitudinal steel reinforcement of Wall 3 after removal 
of concrete rubble 
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(a) 
 
 
 
(b) 
 
Figure 5-82 Condition of Wall 3 at Cycle 35E – North side: (a) at peak load; (b) at end 
of the load cycle  
 
 
 
 
 
 
 237 
 
 
 
 
 
(a) 
 
 
 
(b) 
 
 
 
(c) 
 
Figure 5-83 Progression of splitting cracks behind concrete cover – South side: (a) at 
end of Cycle 32W; (b) at end of Cycle 35W; (c) and end of Cycle 35E 
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Figure 5-84 Pieces of concrete cover at South side of Wall 3 at end of test 
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Figure 5-85 Base moment versus drift of Wall 1 and Wall 2: (a) until drift less than 1%; 
(b) until drift of about 2%; (c) complete hysteresis  
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(a) 
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(c) 
 
Figure 5-86 Base moment versus drift of Wall 1 and Wall 2: (a) until drift slightly less 
than 1%; (b) until drift of about 2%; (c) complete hysteresis 
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Wall 1 
 
Wall 2 
(a) 
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(c) (d) 
 
 
Figure 5-87 Damage at drift level of about 2%: (a) Wall 1 and Wall 2; (b) conventional 
reinforced concrete wall (adapted from Dazio et al. 2009); (c) UPT precast 
concrete wall (adapted from Perez et al. 2004); (d) UPT hybrid precast 
concrete wall (adapted from Smith et al. 2010) 
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Figure 5-88 Envelope curve of base moment versus drift of Wall 1 and Wall 2 
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Figure 5-89 Envelope curve of base moment versus drift of Wall 2 and Wall 3 
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Figure 5-90 Experimental results versus CFE for Wall 1 
 
 
 
Figure 5-91 Experimental results versus CFE for Wall 2 
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Figure 5-92 Experimental results versus numerical results (DRAIN-2DX) for Wall 1 
 
 
 
Figure 5-93 Experimental results versus numerical results (DRAIN-2DX) for Wall 2 
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CHAPTER 6 
CALIBRATED NUMERICAL WALL MODEL APPROACH 
This chapter presents the development of an approach for modeling unbonded cast-in-
place concrete walls based on the experimental results. This approach, which is called 
“the calibrated numerical wall model approach”, includes different phenomena observed 
during the tests of Wall 1 and Wall 2 in the laboratory. These phenomena are penetration 
of the longitudinal steel reinforcement yielding into the foundation block, shear failure of 
the wall, and fracture of the longitudinal steel reinforcement in the boundary elements of 
the wall. Comparisons between numerical and experimental results are shown to validate 
the numerical wall model approach. 
6.1 NUMERICAL MODEL CALIBRATION 
Chapters 3 and 5 show the development and results of the numerical wall model approach 
used to predict the experimental responses of Walls 1 and 2, respectively. The agreement 
between the numerical and experimental force-deformation response results in Chapter 5 
is inadequate. In this chapter, a numerical wall model approach is presented that includes 
the phenomena observed during the tests. 
6.1.1 Wall Model 
Calibrated wall models were developed for Wall 1 and Wall 2 using the finite element 
software OpenSees (Mazzoni et al. 2006). Two-dimensional (2D) models that include 
three degree of freedoms (two translational degrees of freedoms in the X and Y axis 
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directions, respectively, and one rotational degree of freedom in the Z axis direction) 
were used. The global and local coordinate systems in the models and the typical 
geometry of the wall models are shown in Figures 6-1 and 6-2.  
The calibrated wall models include several different types of elements for the reinforced 
concrete wall, the post-tensioned steel, and the phenomena observed during the tests as 
shown in Figure 6-1. For modeling the reinforced concrete wall, the fiber force-based 
beam-column element (FBCE) is utilized, where at the cross section level, the wall is 
discretized into smaller sections (fibers) similar to that shown in Figure 3-7. The fibers 
include confined concrete fibers, unconfined concrete fibers, and steel reinforcement 
fibers. Each fiber was assigned an area, a location with respect to the centroid of the wall 
cross section, and a constitutive material model. To include shear flexibility in the FBCE, 
a linear elastic shear material model is aggregated with the material models for the fiber 
cross section.  
Two different reinforced concrete cross sections are used along the height of the wall 
models as shown in Figure 6-3. One cross section (Section 1) is used over the first 90 
inch of height above the wall base and the other cross section (Section 2) is used between 
a height of 90 inch above the wall base and the top of the wall. The critical height, Hcr, 
(plastic hinge length) was taken as two times the width of boundary element of the wall, 
which is 16.5 inch. The height (length) of the first fiber forced-based beam-column 
element (FBCE) at the base of the wall is two times Hcr, to account for the use of two 
point Gauss-Legendre integration, as shown in Figure 6-4. 
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Post-tensioned steel in the wall was modeled using corotational truss elements. There are 
two truss elements (in series) used to model each post-tensioned steel group as shown in 
Figures 6-1 and 6-2. Wall 1 has two post-tensioned steel groups, UPT 1 and UPT 2; 
therefore, four truss elements are used in Wall 1 numerical model. Wall 2 has three post-
tensioned steel groups, UPT 1, UPT 2, and UPT 3; therefore, six truss elements are used 
in Wall 2 numerical model. It is noted in Figure 6-2 that the truss elements for the middle 
post-tensioned steel group has their own node (separate from the node of the FBCE 
which model the wall) at the interface of the wall and the foundation block.  
The total unbonded length of the post tensioned steel is 292.5 inch. This length is the sum 
of the height of the wall (265 inch) and unbonded lengths of post-tensioned steel in the 
foundation block (18 inch) and inside the load cell at the top of the wall (9.5 inch). It is 
noted that the unbonded length of the post-tensioned steel inside the load cells and HSS 
tubes above the top of the wall was not modeled directly. This length was added to the 
unbonded length of the post-tensioned steel in the foundation block as shown in Figures 
6-1 and 6-2.  
The anchorages of the post-tensioned steel in the foundation block were modeled by pin 
constraints and those located at the top of the wall were modeled using rigid elastic beam 
elements. The nodes for the elements modeling the post-tensioned steel, which are 
located at the interface of the wall and the foundation block, as shown in Figures 6-1 and 
6-2, are constrained against moving in the global X direction. The flexibilities of the load 
cells and HSS tubes at the top of the wall are not included directly in the wall model. In 
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addition, the concentrated post-tensioned force distribution at the top of the wall was also 
ignored and uniform post-tensioned force distribution is assumed. 
For modeling the penetration of the longitudinal steel reinforcement yielding into the 
foundation at the base of the wall, and modeling shear failure in the wall, a zero length 
section element (ZLSE) and a zero length spring element (ZLE), were utilized as shown 
in Figure 6-1. The cross section and fibers discretization in the ZLSE are similar to those 
in the first (above the base of the wall) fiber force-based beam-column element (FBCE) 
which will be shown later (Figure 6-10). In the following section, the constitutive models 
for the materials used in each element in the calibrated wall model are presented. 
6.1.1.1 Concrete 
Two different concrete models, a confined concrete model and an unconfined concrete 
model, were used in the calibrated wall models. The confined concrete model is used for 
the concrete in the boundary elements while the unconfined concrete model is used for 
the rest of the concrete in the wall cross section. In OpenSees (Mazzoni et al. 2006), the 
Concrete07 (Chang and Mander 1994) material model is utilized for the confined 
concrete and the Concrete01 (Kent-Scott-Park concrete model) material model is utilized 
for the unconfined concrete.  
The confined concrete compressive strength and confinement fracture strain are based on 
Mander et al. (1988). Different values of confined concrete compressive strengths are 
used over the height of the wall. From the base of the wall up to the height of 90 inch 
above the wall base (Section 1), confined concrete with a compressive strength of 9.7 ksi 
and 10.3 ksi are used for Wall 1 and Wall 2, respectively. Above the height of 90 inch 
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from the wall base (Section 2), confined concrete with a compressive strength of 7.2 ksi 
and 7.7 ksi are used for Wall 1 and Wall 2, respectively. The concrete compressive 
strength is based on the concrete cylinder test results shown in Tables 4-1 and 4-4 for 
Wall 1 and Wall 2, respectively. The confined concrete confinement fracture strain, εcu, 
was calculated to be 0.06 for Section 1 (see Figure 6-3) of Walls 1 and 2.  
The tensile strength of the concrete models was negligible (approximately zero) for the 
Concrete07 (confined) material model and is defined to be zero for the Concrete01 
(unconfined) material model. The concrete models used in the calibrated wall models are 
summarized in Table 6-1. Figure 6-5 shows the stress versus strain relationships of the 
concrete material models for Section 1 of Walls 1 and 2. It is noted in Figure 6-5 that 
fracture of confined concrete can be modeled directly by introducing significant decrease 
in concrete compression stress when εcu is reached or by indirect modeling where there is 
no significant decrease in concrete compression stress after εcu is reached. The latter 
modeling approach is used to model fracture of confined concrete. To check for fracture 
of confined concrete, the confined concrete strain from numerical results was 
investigated. 
6.1.1.2 Steel Reinforcement  
The steel material models, ReinforcingSteel and Steel02, available in OpenSees (Mazzoni 
et al. 2006) are utilized for the longitudinal steel reinforcement in the wall. The 
ReinforcingSteel material model is based on Kunnath et al. (2009). This material model 
has the capability to model buckling and fracture of steel reinforcement due to cyclic 
loading. The Steel02 material model is based on the Giuffree-Menegotto-Pinto steel 
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material model. This material model has no capability to model buckling and fracture of 
steel reinforcement. The ReinforcingSteel material model is used as the constitutive 
model in the FBCE to model bar buckling and fracture of the longitudinal steel 
reinforcement while the Steel02 material model is used as the constitutive model in the 
ZLSE to model slip of the longitudinal steel reinforcement due to yield penetration at the 
interface of the wall and foundation block.  
Buckling and Fracture of Longitudinal Steel Reinforcement  
The constitutive model for buckling and fracture of steel reinforcement is based on 
models developed by Dhakal and Maekawa (2002) and Kunnath et al. (2009). Dhakal and 
Maekawa’s buckling model only requires two inputs, namely, the bar slenderness ratio 
s/db (where s is the hoop spacing and db is the diameter of the steel reinforcement), and 
αb, a ratio to account for the difference in intermediate stress resulting from different 
utilization of hardening model. The value of 1.0 for αb is used in the calibrated wall 
model based on the recommendation by Dhakal and Maekawa (2002). 
Modeling of fracture of the steel reinforcement by Kunnath et al. (2009) is based on low 
cycle fatigue tests of steel reinforcement. In the following, the formulation of the material 
model that was based on Kunnath et al. (2009) is described.  
The model is used to predict fracture and strength degradation of steel reinforcement due 
to cyclic load. The low cycle fatigue relationship in the model is based on Coffin (1971) 
and Manson (1965). The model relates the plastic strain amplitude, εp, and the number of 
half cycles to failure, 2Nf, at εp as follows: 
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 εp= Cf(2Nf)
-αLF  (6.1) 
where Cf and αLF are material constants. 
The damage index, Df, was used to account for damage in the steel reinforcement during 
cyclic loading and it follows Miner’s linear damage rule. The counting method that is 
used for calculating damage index, Df, is cycle counting method (in OpenSees), which 
was assumed to give the same accuracy as the rain flow counting method (Kunnath et al. 
2009). For the non-damage case, Df is zero and for the fracture case Df is one. 
Strength degradation that accompanies damage due cyclic loading was also modeled 
using the Coffin (1971) and Manson (1965) fatigue relationship as follows: 
  εp= Cd(ϕSR)
-β
 (6.2) 
where ϕSR is strength loss factor per cycle which is the ratio of strength degradation of 
the two subsequent cycles loaded to the same displacement level as shown in Figure 6-6. 
Cd and β are material constants. Subsequently, the cumulative strength degradation, λSR, 
was approximated by 
 
λSR= ∑(ϕSR)i
n
i
 (6.3) 
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Kunnath et al. (2009) has shown that there is a strong relationship between cumulative 
cyclic damage and cumulative strength degradation through the calibration of Cf, Cd, αLF, 
and β. This relationship is given by 
 λSR=ZdDf (6.4) 
where Zd is a constant.  
The ReinforcingSteel material model in OpenSees (Mazzoni et al. 2006) requires three 
inputs to model low cycle fatigue, namely, Cf, Cd, and αLF. In this study, the value of αLF 
is based on the result in Kunnath et al (2009) which is 0.44. For the values of Cf and Cd, 
calibrations were performed based on the experimental results. The values of Cf and Cd 
were varied until the cycles at which the first fracture of steel reinforcement in the 
models are approximately the same to those of the experiments. Table 6-2 shows the 
input parameters of the ReinforcingSteel material model for Wall 1 and Wall 2. Figure 6-
7 shows the steel reinforcement constitutive models used in FBCE. 
Yield Penetration of Longitudinal Steel Reinforcement (Bar Slip)  
The model for slip of the longitudinal steel reinforcement due to yield penetration into the 
foundation block is based on Ghannoum and Moehle (2012). The stress-slip relationship 
in the model is derived with the assumption of bilinear bond stress distribution along the 
development length of the steel reinforcement embedded in the foundation block. As 
noted in Lehman and Moehle (2000), the bilinear bond stress distribution model is not as 
accurate as a multilinear model; however, the bilinear model is computationally efficient. 
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A schematic of the distribution of bond stress, steel stress, and steel strain along the 
development length that shows the progression of yield penetration is shown in Figure 6-
8.  
Figure 6-8(a) shows the distribution of bond stress, steel stress, and steel strain for the 
steel reinforcement when the steel strain, εs, along the elastic development length, Lse, is 
less than the steel yield strain, εy, and the steel stress along the development length, fs, is 
less than the steel yield stress, fy. The slip of the steel reinforcement, Ss, is calculated by 
integrating the strain distribution over Lse as follows: 
 
Ss=
1
2
εsiLse for εsi<εy and fsi<fy (6.5) 
where εsi is the steel strain at the interface of the wall and foundation block, and fsi is the 
steel stress at the interface of the wall and foundation block. 
Figure 6-8(b) shows the distribution of bond stress, steel stress, and steel strain when εsi 
equals εy and εs at other locations along the yield development length, Lsy, is less than the 
εy. The yield slip of the steel reinforcement, Sy, is calculated by integrating the strain 
distribution over Lsy as follows: 
 
Sy=
1
2
εyLsy for εsi=εy and fsi=fy (6.6) 
Figure 6-8(c) shows the distribution of bond stress, steel stress, and steel strain when εsi is 
greater than εy and εs along the plastic development length, Lsp, is greater than or equal to 
εy. Noted that at a distance Lsp below the base of the wall, εs is equal to εy. At other 
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locations along the yield development length, Lsy, εs is less than εy. The slip of the steel 
reinforcement, Ss, is calculated as the sum of the integrations of the strain distributions 
over Lsy and over Lsp as follows: 
 
Ss=
1
2
εyLsy+
1
2
(εsi + εy)Lsp for εsi>εy and  fsi>fy (6.7) 
To calculate the elastic development length, Lse (in Eq. 6.5), the yield development 
length, Lsy (in Eq. 6.6), and the plastic development length, Lsp (in Eq. 6.7), the 
equilibrium condition,  
 dσ
dx
-ατ(x)=0 where α=
4
db
 (6.8) 
that relates the rate of change of axial tensile stress along an infinitesimal length dx, 
dσ
dx
, 
in the steel reinforcement and the bond stress between concrete and steel reinforcement, 
τ, can be used. In Eq. 6.8, α is the ratio of steel reinforcement circumference, Cs, to the 
steel reinforcement cross-sectional area, As.  
Assuming the bond stress, τ(x), is constant at either the elastic bond stress, ue, when εs is 
less than or equal to εy or the  plastic bond stress, up, when εs is greater εy, Eq. 6.8 can be 
integrated over the length of Lse, Lsy, and Lsp and the results can be substituted into Eqs. 
6.5, 6.6, or 6.7, respectively, to give  
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Ss=
1
2
εsi
fsidb
4ue
 for εsi<εy and fsi<fy (6.9) 
 
Sy=
1
2
εy
fydb
4ue
 for εsi=εy and fsi=fy 
(6.10) 
 
Ss=
1
2
εy
fydb
4ue
+
1
2
(εsi + εy)
(fsi − fy)db
4up
 for εsi>εy and fsi>fy 
(6.11) 
Given the elastic bond stress, ue, the stress-slip curve of the steel reinforcement from the 
point of no slip to the point of yield slip, Sy, can be developed based on Eqs. 6.9 and 6.10. 
The elastic bond stress, ue, is taken as 12√fc
 ′
 psi (Lehman and Moehle 2000). As shown 
in Figure 6-9, this part of the stress-slip curve is fitted using a linear fit to determine the 
stress-slip elastic modulus, Ess. Assuming the hardening ratio, bsl, of the stress-slip curve 
of the steel reinforcement is similar to the hardening ratio, bst, of the stress versus strain 
curve of the steel reinforcement (which is assumed to be bilinear), the slip at the steel 
ultimate stress, Su, can be calculated. This result is used to determine the plastic bond 
stress, up, from Eq. 6.11. Subsequently, the stress-slip curve of the steel reinforcement 
after the yield slip, Sy, can be developed based on Eq. 6.11. The complete stress-slip 
curve for a #7 bar based on Eqs. 6.9, 6.10, and 6.11 with an assumed stress-slip hardening 
ratio, bsl, of 0.015 is shown in Figure 6-9. 
The stress-slip model used in the ZLSE is a bilinear model (Steel02 material model). The 
bilinear model is based on the linear fit, as shown in Figure 6-9, of the stress-slip curve 
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from Eqs. 6.9, 6.10, and 6.11. The stress-slip model is defined by the steel yield stress, fy, 
the yield slip of the steel reinforcement, Sy, and the stress-slip hardening ratio, bst. 
The bar slip model by Ghannoum and Moehle (2012) relates the stress-slip model of the 
ZLSE to the steel stress versus strain model of the FBCE adjacent to it. This relationship 
provides the same neutral axis between the two sections. As shown in Figure 6-10, to 
maintain the same neutral axis, c’, the curvature of ZLSE, κZLSE, is the result of scaling 
the curvature of the adjacent FBCE, θ, by a factor Ss/εs as follows: 
 
κZLSE=
Ss
εs
θ (6.12) 
This result implies that the strain of the concrete in the ZLSE are scaled by a factor Ss/εs. 
Figures 6-11 and 6-12, respectively, show the material models for concrete and steel 
reinforcement in the ZLSE. It is noted that εcc and εcu in the concrete stress versus strain 
curves in Figure 6-11 are scaled by Sy/εy. Since Wall 1 has a larger bar size (#7 bar with 
Sy/εy = 8.64) in the boundary elements than Wall 2 (#5 bar with Sy/εy = 4.96), there is 
significant difference in the stress versus strain curves of Wall 1 and Wall 2. 
6.1.1.3 Post-tensioned Steel 
The Steel02 material model, combined with the InitialStress material model, available in 
OpenSees (Mazzoni et al. 2006), were used to model the unbonded post-tensioned steel. 
The InitialStress material model was used to simulate the initial stress in the post-
tensioned steel groups shown in Figures 6-1 and 6-2. The initial post-tensioned stresses in 
the models were adjusted, taking into account the elastic shortening of the wall, to 
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achieve the same level of initial post-tensioned steel stress as in the tests (refer to Table 
4-9).  
Table 6-3 shows the material properties of the post-tensioned steel used in the models and 
the initial stress in each post-tensioned steel group in Wall 1 and Wall 2. It is noted that a 
low value of the modulus of elasticity is used for the post-tensioned steel (Eps = 22000 
ksi) in the calibrated wall numerical models. This low value is used to account for the 
flexibilities of the load cells and the HSS tubes at the top of the wall, which are not 
included in the model. This approach was considered appropriate for the models of Wall 
1 and Wall 2.  
The flexibility of the post-tensioned steel using an unbonded length of 292.5 inch with 
Eps=22000 ksi and neglecting the axial flexibilities of the load cells and the HSS tubes is 
approximately equal to the flexibility of the post-tensioned steel using the maximum 
unbonded length possible (bottom anchorage to top anchorage length, 356 inch) with a 
nominal modulus of elasticity, Eps
nom = 28000 ksi, plus the axial flexibilities of the load 
cells and the HSS tubes. The difference between these two flexibilities is less than 4%. 
Nonetheless, for modeling a UPT cast-in-place concrete wall, in general, the above 
approach should be reconsidered and the nominal modulus of elasticity of post-tensioned 
steel, Eps
nom, is recommended. 
Figure 6-13 shows a plot of the material model for the post-tensioned steel used in the 
calibrated numerical models. In these calibrated models, fracture of the post-tensioned 
steel is not included since this failure mode was not observed during the experiments. For 
the experiments, the post-tensioned steel anchorages were specifically designed to 
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prevent this failure mode. However, it is noted that this specific design might not be 
implemented in design practice, and, therefore, fracture strain limits of 1% and 2% are 
shown in Figure 6-13. These limits are used later in modeling the prototype walls. 
6.1.1.4 Shear Failure  
In the calibrated wall models, shear failure is modeled by the ZLE that is connected in 
series with the FBCE as shown in Figure 6-1. The model is based on the work of 
Leborgne and Ghannoum (2013). It was developed for shear-critical reinforced concrete 
columns, but it is applicable to other reinforced concrete elements such as structural 
walls.  
The model includes lateral strength-degradation due to shear failure. The shear failure is 
triggered by either a shear force limit or damage due to inelastic flexural deformation, 
which is quantified by the rotation (rotation of Node 3 in Figure 6-14) in the FBCE 
adjacent to the ZLE. The calibrated wall models use a rotation limit for triggering shear 
failure based on the test results (rotation meter data). The rotation limit approach, rather 
than the shear failure limit, was chosen since the walls are designed to have a large shear 
capacity.  
Figure 6-15 shows the locations of the rotation meters during the tests of Walls 1 and 2, 
and the nodes in the numerical model. The rotation meter at a height of 30 inch above the 
base of the wall has been designated ROT_2 (see Chapter 4) and the corresponding 
measured rotation is designated as θ1. For the rotation meter at a height of 60 inch, 
ROT_1 (see Chapter 4), the corresponding measured rotation is designated as θ4.  
  
260 
 
θ1 and θ4 are used to estimate the total rotation in the walls, in the tests, at a height of 33 
inch above the wall base, θ3, as follows: 
 θ3=θ1+0.1(θ4-θ1) (6.13) 
θ3 is used to determine the rotation limit for the initiation of shear failure. It is noted that 
θ3 in the test results is considered to be the same as the rotation of Node 3 in the wall 
numerical models. 
The constitutive model used in the shear failure ZLE is a multilinear model as shown in 
Figure 6-16. The backbone curve of the constitutive model is defined by the elastic shear 
stiffness Kelastic; the degrading stiffness Kdeg; and a flat line residual shear strength Vr. 
The unloading and reloading in both directions (PN and NP) shown in Figure 6-16 are 
characterized by four points, namely, unloading pinching point (PN), reloading pinching 
point (PN), unloading pinching point (NP), and reloading pinching point (NP). These 
points are determined based on the unloading point in each direction. Unloading pinching 
point in a direction (PN or NP) is determined as the force fraction of the unloading point 
force in the corresponding direction. Reloading pinching point in a direction (PN or NP) 
is determined as the combination of the force fraction and the deformation fraction of the 
unloading point force and the unloading point deformation, respectively, in the 
corresponding direction. The calibrated parameters used in the calibrated wall models to 
model shear failure are summarized in Table 6-4.   
Figure 6-17 shows plots of the numerical model and experimental shear versus nonlinear 
shear deformation at a height of 33 inch above the wall base, γ
3
NL, for Walls 1 and 2. γ
3
NL 
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does not include linear elastic shear deformation, which was subtracted from the 
experimental results. The experimental shear deformation shown in Figure 6-17 was 
determined from the arrangement of LVDTs (diagonals and verticals) described in 
Chapter 4.  
In Figure 6-18, the shear deformation from the LVDT data over the height of 30 inch 
above the wall base is designated as γ1 and that from the LVDT data between 30 inch and 
60 inch above the base of the wall is designated as γ4. These shear deformations are used 
to calculate the shear deformation from the tests at the location of Node 3 (i.e., at a height 
of 33 inch above the base of the wall), γ3, as follows: 
 γ
3
=γ
1
+0.1γ
4
 (6.14) 
It is noted that linear elastic shear deformation is included in γ3. To calculate γ3
NL linear 
elastic shear deformation is subtracted from γ3 as follows: 
 
γ
3
NL=γ
3
-
VL33
GA'
 (6.15) 
where V is the shear force in the wall; L33 is 33 inch; G is the shear modulus; and A’ is 
the effective shear area of the wall cross section. Kelastic and Kdeg in the calibrated 
numerical models of Walls 1 and 2 are shown in Figure 6-17. 
Once the shear failure is triggered, the constitutive material model in the ZLE will follow 
the hysteresis relationship that includes strength, stiffness, and cyclic degradations shown 
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in Figure 6-16. However, it is noted that inelastic shear deformation and the 
corresponding hysteresis observed in the experimental results before the initiation of 
shear failure are not captured in the wall models, since the shear force-deformation is 
assumed to be linear until the initiation of shear failure in the model.  
6.1.2 Loading and Analysis 
The gravity load that is included in the calibrated wall models is the wall self-weight. The 
lateral load in the model was applied in the form of lateral displacements and these 
displacements were based on lateral displacements measured by the TEMPOSONIC 
instrument described in Chapter 4, denoted as ΔTEMP.  
In OpenSees (Mazzoni et al. 2006), the analysis initiated with a gravity load analysis 
followed by static nonlinear cyclic analysis. Displacement control was used in the static 
nonlinear cyclic analysis utilizing the Krylov-Newton solution algorithm. The accuracy 
of the analysis was controlled using the Norm Displacement Increment criterion with a 
tolerance of 10-8.  
6.2 COMPARISON BETWEEN NUMERICAL RESULTS AND 
EXPERIMENTAL RESULTS 
Analysis results from the calibrated wall numerical models are presented in this section. 
Global responses and local responses in the numerical models are compared to the 
experimental results. In addition, comparisons of the time of occurrences (in terms of 
drift level) of several limit states in the wall are also presented. Based on the 
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comparisons, conclusions are made regarding the accuracy of the calibrated numerical 
model approach for later use in analysis of the prototype walls, described in Chapter 7. 
6.2.1 Force Deformation Response  
Table 6-5 shows a summary of the maximum forces from the numerical and experimental 
results for Walls 1 and 2 when loaded to the West and East. The maximum forces in the 
numerical model of Wall 1 when the wall was loaded to the West and East are 355 kips 
and 356 kips, respectively. The differences of these forces to the forces from 
experimental results are 0.3% and 21%, respectively, for West and East directions 
loading. The maximum forces from numerical model of Wall 2 are 300 kips and 301 kips 
when the wall was loaded to the West and East, respectively. The differences of these 
forces to the experimental results are 3.4% and 13.5% for West and East directions 
loading, respectively. 
Figure 6-19 shows the hysteresis plot comparisons between numerical and experimental 
results for Wall 1. Figure 6-19(a) shows the comparisons of force-deformation responses 
until drift levels of 0.81% and 0.83% for West and East directions loading, respectively. 
The differences in maximum forces between numerical and experimental results at these 
drift levels are 1.1% and 4.2% for West and East directions loading, respectively. Figure 
6-19(b) shows the comparisons of force-deformation responses until drift levels of 1.87 
% and 1.91% for West and East directions loading, respectively. The differences in 
maximum forces between numerical and experimental results for these drift levels are 
1.3% and 9.7% for loading to the West and East, respectively. It can be seen that the 
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agreement of the maximum forces is better for West direction loading than for East 
direction loading.  
Figure 6-20 shows the hysteresis plot comparisons between numerical and experimental 
results for Wall 2. Figure 6-20(a) shows the comparisons of force deformation responses 
until drift levels of 0.81% and 0.85% for West and East directions loading, respectively. 
The differences in the maximum forces between numerical and experimental results for 
these drift levels are 1.6% and 4.9% for loading to the West and East, respectively. 
Figure 6-20(b) shows the comparisons of force deformation responses until drift levels of 
1.95 % and 1.93% for West and East directions loading, respectively. The differences in 
maximum forces between numerical and experimental results for these drift levels are 
1.1% and 8.1% for loading to the West and East, respectively. Similar to Wall 1, the 
agreement of the maximum forces is better for West direction loading than East direction 
loading. 
Figures 6-19(c) and 6-20(c) show the overall numerical and experimental force versus 
deformation hysteresis of Wall 1 and Wall 2, respectively. In general, the agreement of 
the global responses of the numerical models with the experimental results, for both wall 
models, is good, although there are increases in the discrepancies in the maximum forces 
as the walls are loaded to East direction to higher drift levels. It can also be seen that the 
global unloading responses of numerical models are in good agreement with the 
experimental results. The numerical models can capture the stiffness and strength 
degradations in the experimental results with reasonable accuracy as shown in Figures 6-
19(c) and 6-20(c).   
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6.2.2 Post-tensioned Steel Response 
The responses of post-tensioned steel groups, UPT 1 and UPT 2, in Wall 1 are shown in 
Figures 6-21 and 6-22, respectively. In both figures it can be seen that the agreement 
between numerical and experimental results in terms of maximum post-tensioned steel 
forces attained for a particular drift level is good up to a drift level slightly less than 2% 
(Figure 6-21(b) and 6-22(b)). Based on Figure 6-21(b), the differences in the maximum 
post-tensioned steel forces between the numerical and experimental results in UPT 1 are 
2.2% and 3.4% when the wall was loaded to the West and East, respectively. For UPT 2, 
the differences are 1.5% and 2.6% when the wall was loaded to the West and East, 
respectively, as shown in Figure 6-22(b). As the wall is deformed to higher drift levels, as 
shown in Figures 6-21(c) and 6-22(c), the agreement between the numerical and 
experimental results becomes worse.  
Similar responses can be observed for the post-tensioned steel groups in the numerical 
model of Wall 2 as shown in Figures 6-23, 6-24, and 6-25. Up to a drift level slightly less 
than 2%, as shown in Figure 6-23(b), the differences in the maximum post-tensioned 
steel forces between the numerical and experimental results for UPT 1 are 5.5% and 0.3% 
when the wall displaced to the West and East, respectively. For UPT 2, as shown in 
Figure 6-24(b), the differences are 3.4% and 2.4%, respectively, for West and East 
directions loading, and for UPT 3, as shown in Figure 6-25(b), the differences are 2.3% 
and 7.1% for West and East directions loading. At larger drift levels, the differences in 
the maximum post-tensioned steel forces between the numerical and experimental results 
are increasing.  
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Two possible reasons were considered for the increase differences in maximum post-
tensioned steel forces between the numerical and experimental results as the drift level 
increases. The first reason was related to the constitutive material model used in 
numerical model for the post-tensioned steel groups. The use of a bilinear model in the 
numerical model does not capture the stiffness reduction (from linear elastic) as the strain 
in the post-tensioned steel approaches the yield strain. There may be significant 
differences in post-tensioned steel stiffness between the numerical and experimental 
results as the wall displaced to higher drift levels. Using a multilinear material model, 
where the reduction in stiffness occurs early and more gradually, might improve the 
results. Nonetheless, in this calibrated wall model approach, the multilinear material 
model is not used since using the bilinear model provide sufficiently a good agreement 
between the numerical and experimental results (global response). The second reason was 
related to the significant deterioration in the wall (concrete cracking and spalling) as the 
wall is loaded to higher drift levels. This deterioration reduces the material at the toe of 
the wall which in turn decreases the post-tensioned steel forces as the post-tensioned steel 
in the wall shortens (relaxes). This deterioration was not modeled accurately in the 
numerical model. 
6.2.3 Flexural Deformation 
Figure 6-26 shows plots of the base moment versus rotation θ3 of Wall 1 for different 
drift levels. In general, good agreement is observed at smaller drift levels. Figure 6-26(a) 
shows the rotations when the wall was loaded to the West and East to drift levels of 
0.81% and 0.83%, respectively. The differences in the maximum rotation between the 
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numerical and experimental results at these drift levels are 11% and 4.5% for West and 
East directions loading, respectively. Figure 6-26(b) shows the rotation when the wall 
was loaded to the West and East to drift levels of 1.87% and 1.91%, respectively. The 
differences in the maximum rotation reached at these drift levels are 1.7% and 3.5% for 
West and East directions loading, respectively. In Figure 6-26(c), the differences in the 
maximum rotation reached at a drift level of about 4% before the first fracture of steel 
reinforcement are 7.4% and 14.1%, for West and East directions loading, respectively. At 
a drift level of about 5%, a large rotation was recorded in the rotation meter (ROT_2) 
during the experiment due to failure of the rotation meter attachment in the wall as the 
wall experienced significant damage. 
Figure 6-27 shows plots of the base moment versus rotation θ4 of Wall 1 for different 
drift levels. Figure 6-27(a) shows the rotations when the wall was loaded to the West and 
East to drift levels of 0.81% and 0.83%, respectively. The differences in the maximum 
rotation between the numerical and experimental results at these drift levels are 0.5% and 
0.4% for West and East directions loading, respectively. Figure 6-27(b) shows the 
rotations when the wall was loaded to the West and East to drift levels of 1.87% and 
1.91%, respectively. The differences in the maximum rotation reached at these drift 
levels are 3.2% and 1.6% for West and East directions loading, respectively. In Figure 6-
27(c), the differences in the maximum rotations reached at a drift level of about 4% 
before the first fracture of steel reinforcement are 3.9% and 7.2%, for West and East 
directions loading, respectively.  
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Figure 6-28 shows plots of the base moment versus rotation θ3 of Wall 2 for different 
drift levels. Figure 6-28(a) shows rotations, θ3, from the numerical and experimental 
results until drift levels of 0.81% and 0.85%, for West and East directions loading, 
respectively. The differences between these rotations are 7.3% and 26% for West and 
East directions loading, respectively. When the wall was displaced until drift levels of 
1.95% and 1.93%, to the West and East, respectively, the differences between these 
rotations are 4.8% and 13.8% as shown in Figure 6-28(b). When the wall was displaced 
until a drift level of about 4%, the differences are 4.4% and 9.9% for West and East 
directions loading, respectively, as shown in Figure 6-28(c).  
Figure 6-29 shows plots of the base moment versus rotation θ4 of Wall 2 for different 
drift levels. Figure 6-29(a) shows the total rotations θ4 from the numerical and 
experimental results until drift levels of 0.81% and 0.85%, for West and East direction 
loading, respectively. The differences between these rotations are 1.1% and 8.5% for 
West and East directions loading, respectively. When the wall was displaced until drift 
levels of 1.95% and 1.93%, to the West and East, respectively, the differences between 
these rotations are 2.4% and 6% as shown in Figure 6-29(b). When the wall was 
displaced until a drift level of about 4%, the differences are 2.4% and 6.9% for West and 
East directions loading as shown in Figure 6-29(c). 
Overall, good agreement is observed between the total rotations from the numerical and 
experimental results.  
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6.2.4 Shear Deformation 
Shear force-shear deformation response comparisons between the numerical and 
experimental results are shown in Figure 6-30 for Walls 1 and 2. In Figure 6-30, it can be 
seen that there is no hysteresis in the shear force-shear deformation response before the 
initiation of shear failure in the numerical models due to the linear elastic stiffness, Kelastic 
of the model. The difference in maximum shear deformations between the numerical and 
experimental results in Wall 1 for West direction loading to the a drift of about 5% is 
15.5% as shown in Figure 6-30(a). The shear deformation in the numerical model of Wall 
2 remains linear as shown in Figure 6-30(b). 
6.2.5 Limit States 
Limit states for the longitudinal steel reinforcement and post-tensioned steel are 
compared between the numerical and experimental results. First yielding and first 
fracture of the longitudinal steel reinforcement are the first two limit states as shown in 
Table 6-6. The third limit state is the force in the post-tensioned steel reaches the limit of 
proportionality, PPProp, of the post-tensioned steel for the first time as shown in Table 6-7. 
The PPProp is determined as the product of the stress at limit of proportionality, fpprop, and 
the area of post-tensioned steel, Aps. fpprop is based on Walsh and Kurama (2010). 
Figure 6-31 shows plot of the normalized strain in steel reinforcement versus drift for the 
middle longitudinal steel reinforcement in the first row from the edge in the East 
boundary element (MS 2) of Wall 1. It can be seen in this figure that yielding of the steel 
reinforcement during the experiment occurred when the wall was loaded (to the West) to 
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the first cycle of 0.35% drift. The corresponding drift of the first yield was 0.30%. From 
the numerical result, first yield of the steel reinforcement occurred during the first cycle 
of loading to 0.52% drift (to the West) and the corresponding drift is 0.35%. For the 
middle longitudinal steel reinforcement in the first row from the edge in the West 
boundary element (MS 1) as shown in Figure 6-32, the first yield of the steel 
reinforcement in the experiment occurred during the loading to 0.53% drift (to the East). 
The corresponding drift of the first yield was 0.38%. From the numerical results, the first 
yield occurred during the loading to 0.34% drift and the corresponding drift at first yield 
is 0.34%. 
First yield of the middle longitudinal steel reinforcement in the first row from the edge 
(MS 2 and MS 1) in the East and West boundary elements of Wall 2 are shown in Figures 
6-33 and 6-34, respectively. First yield of MS 2 in Figure 6-33 occurred during the first 
load cycles (to the West) to 0.30% and 0.31% drifts for the numerical and experimental 
cases, respectively. The corresponding drifts at first yield are 0.24% and 0.21% for the 
numerical and experimental results, respectively. For MS 1, as shown in Figure 6-34, first 
yield occurred during the first load cycles to 0.30% and 0.21% drifts, respectively, for 
numerical and experimental cases. The corresponding drifts at first yield are 0.24% and 
0.19% for numerical and experimental results, respectively. In general, the drift levels at 
first yield of longitudinal steel reinforcement from the numerical results are larger than 
those from the experimental results except for the case of Wall 1 when the wall was 
loaded to the East.  
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Figure 6-35 shows the drift at which first fracture of steel reinforcement observed in 
numerical and experimental results for Wall 1. For both the numerical and experimental 
results, first fracture occurred during the third cycle as shown in Figure 6-35. It is noted 
that in each case the wall has reached larger drifts than the drift at first fracture of the 
steel reinforcement. For the numerical and experimental cases, first fracture of steel 
reinforcement occurred during the third cycle to 3.74% and 3.86% drift for West and East 
directions loading, respectively. The corresponding drifts at first fracture of the steel 
reinforcement for West and East directions loading, respectively, are 3.44% and 3.33% 
for the experimental case and 2.70% for the numerical case.  
As shown in Figure 6-36, a similar trend can be seen for Wall 2, where the occurrences of 
first fracture in the steel reinforcement took place after the steel reinforcement have been 
loaded to larger drifts. For the numerical and experimental cases, first fracture of steel 
reinforcement occurred during the third cycle to 2.90% and 2.91% drift for West and East 
directions loading, respectively. The corresponding drifts at first fracture of steel 
reinforcement for West and East directions loading, respectively, are 1.82% and 1.66% 
for the experimental case and 2.40% and 1.49% for the numerical case. In general, the 
drift levels at first fracture of the steel reinforcement from the numerical results are 
smaller than those from the experimental results except for the case of Wall 2 loaded to 
the West.  
Figures 6-37 and 6-38 show the normalized post-tensioned steel force in the post-
tensioned steel groups in Wall 1 and Wall 2, respectively. The post-tensioned steel force 
is normalized by the proportional limit force PPProp. The drift at which PPProp is first 
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reached in UPT 1 and UPT 2 of Wall 1 are 3.3% and 3.2% for the experimental results 
and 2.6% and 2.5% for the numerical results, respectively. As for Wall 2, the 
corresponding drifts when PPProp is first reached for UPT 1 is 3.8% for the experimental 
results and 3.2%, 3.9%, and 3.1% for UPT 1, UPT 2, and UPT 3, respectively, for the 
numerical results. PPProp was not reached in UPT 2 and UPT 3 for Wall 2 in the 
experiments. In general, these drifts are smaller in numerical case than in experimental 
case.  
6.3 SUMMARY 
A numerical model approach called the “calibrated wall numerical model approach” has 
been developed using the finite element software OpenSees (Mazzoni et al. 2006). 
Numerical models for Wall 1 and Wall 2 were calibrated with the experimental results. 
Fiber force-based beam-column elements (FBCE) are used to model the reinforced 
concrete of the wall and truss elements are used to model the post-tensioned steel. 
Fracture of the longitudinal steel reinforcement, penetration of the longitudinal steel 
reinforcement yielding to the foundation block, and shear failure are included in the 
model. 
The wall responses from the calibrated numerical models have been validated against the 
experimental results. In terms of global response, the results of the numerical models are 
in good agreement with the experimental results. The maximum force attained in the 
walls during experiment were reached with good accuracy in the numerical models. The 
loading and unloading stiffness of the walls in the experiment were simulated by the 
numerical model with good agreement as well. The results suggest good accuracy of the 
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numerical models in capturing global responses such as amount of energy dissipation and 
residual deformation. It is noted that in modeling the post-tensioned steel, a low elastic 
stiffness was used. This was done to offset the effect of excluding the flexibility of the 
load cells and HSS tubes at the top of the test wall in the numerical model. The post-
tensioned steel force responses were in good agreement with the experimental results. 
The local responses of the walls from the numerical and the experimental results were 
compared, and in general, good agreement was observed. A comparison of the rotations 
of the walls near the base shows that the numerical results are similar to the experimental 
results at small and large lateral drifts. 
It is noted that the hysteresis in the shear force versus shear deformation response from 
the experimental results (before shear failure occurred) could not be captured by the 
numerical model due to the limitation of the shear failure material model (based on 
Leborgne and Ghannoum 2013). Nevertheless, the numerical models captured the 
occurrence of shear failure in Wall 1 and its non-occurrence in Wall 2. 
Limit states of the longitudinal steel reinforcement and the post-tensioned steel were 
compared. The drifts at first yield of the steel reinforcement from the numerical results 
are generally larger than those from the experimental results. After calibration with the 
experimental results, the cyclic fracture model for the longitudinal steel reinforcement 
(based on Kunnath et al. 2009) in the numerical models captured the fracture of the steel 
reinforcement after the steel reinforcement previously buckled. In general, the drift levels 
at first fracture of the steel reinforcement from the numerical results are smaller than 
those from the experimental results. The drifts when the post-tensioned steel force 
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reached the force at limit of proportionality, PPProp, from the numerical results are slightly 
smaller than those from the experimental results. 
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Table 6-1  Concrete model parameters 
 
Wall ID 
Unconfined concrete Confined concrete 
fc
'  
(ksi) 
εc 
Ec  
(ksi) 
fcc
'   
(ksi) 
εcc εcu 
Wall 1-
Section 1 
6.3 0.002 4520 9.7 0.008 0.06 
Wall 1-
Section 2 
5.7 0.002 4300 7.2 0.005 0.04 
Wall 2-
Section 1 
6.9 0.002 4740 10.3 0.008 0.06 
Wall 2-
Section 2 
6.3 0.002 4520 7.7 0.005 0.04 
 
 
 
Table 6-2  Steel reinforcement model parameters 
 
Wall ID 
Size of steel 
reinforcement 
fy 
(ksi) 
fu 
(ksi) 
Es 
(ksi) 
Buckling 
parameters 
Low cycle fatigue 
parameters 
s/db αb αLF Cf Cd 
Wall1 
#7 75.2 108 29000 2.6 1.0 0.44 0.21 0.8 
#3 68.6 108 29000 6.0 1.0 0.44 0.21 1.2 
Wall 2 
#5 63.3 87 29000 3.6 1.0 0.44 0.18 0.8 
#3 68.8 107 29000 6.0 1.0 0.44 0.15 1.2 
 
 
 
Table 6-3  Post-tensioned steel model parameters 
 
Wall ID 
fpy
nom
 
(ksi) 
fpu
nom
 
(ksi) 
Eps
nom 
(ksi) 
Eps 
(ksi) 
fpi  
(ksi) 
UPT 1 UPT 2 UPT 3 
Wall 1 243 270 28000 22000 163 164 N/A 
Wall 2 243 270 28000 22000 162 163 161 
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Table 6-4  Shear failure model parameters 
 
Wall 
ID 
Kelastic 
(kip/in) 
θ3 
(rad) 
Kdeg 
(kip/in) 
Vr 
Unloading 
pinching 
Reloading pinching 
Cycle-
based 
strength 
damage 
factor 
Force 
fraction of 
unloading 
point 
force 
Force 
fraction of 
unloading 
point force 
Deformation 
fraction of 
unloading 
point 
deformation 
Wall 1 7359 0.038 -48 0.2Vsh 
PN = 0.5 PN = 0.0 PN = -0.6 
0.12 
NP = 0.4 NP = 0.4 NP = -0.3 
Wall 2 7359 0.040 -23 0.2Vsh 
PN = 0.5 PN = 0.0 PN = -0.3 
0.3 
NP = 0.5 NP = 0.4 NP = -0.3 
Format of table is adapted from Leborgne and Ghannoum (2013).  
  
 
 
Table 6-5  Maximum forces in the wall from numerical and experimental results 
 
Wall ID Loading direction 
Maximum force  
(kips) 
Experimental Numerical 
Wall 1 
Westward 355 356 
Eastward 288 355 
Wall 2 
Westward 290 300 
Eastward 263 301 
 
 
 
Table 6-6  Drift values correspond to limit states for longitudinal steel reinforcement 
from numerical and experimental results 
 
Wall ID 
Loading 
direction 
Experimental Numerical 
Drift 
at 
first 
yield 
(%) 
Max. 
drift 
reached 
before 
first 
fracture 
(%) 
Drift at 
first 
fracture 
(%) 
Drift 
at 
first 
yield 
(%) 
Max. 
drift 
reached 
before 
first 
fracture 
(%) 
Drift at 
first 
fracture 
(%) 
Wall 1 
Westward 0.30 3.74 3.44* 0.35 3.74 2.70* 
Eastward 0.38 3.86 3.33* 0.34 3.86 N/A 
Wall 2 
Westward 0.21 2.90 1.82* 0.24 2.90 2.40* 
Eastward 0.19 2.91 1.66* 0.24 2.91 1.49* 
Note: *occurred in third cycle 
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 Table 6-7  Drift values correspond to linear limit of post-tensioned steel stress from 
numerical and experimental results 
 
Wall ID 
Post-tensioning 
steel 
Drift when PPProp is first reached  
(%) 
Experimental Numerical 
Wall 1 
UPT 1 3.3 2.6 
UPT 2 3.2 2.5 
Wall 2 
UPT 1 3.8 3.2 
UPT 2 N/A 3.9 
UPT 3 N/A 3.1 
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Figure 6-1 Wall 1 model geometry 
 
  
 
Figure 6-2 Wall 2 model geometry 
Global
Local
Global
Local
  
279 
 
 
 
Figure 6-3 Wall cross sections 
 
 
  
 
Figure 6-4 First fiber force-based beam column element (FBCE) with two point Gauss 
Legendre integration 
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(a) 
 
 
  
(b) 
 
Figure 6-5 Concrete constitutive models in FBCE: (a) Wall 1-Section 1; (b) Wall 2-
Section 1 
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Figure 6-6 Strength loss factor ϕ
SR
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 6-7 Steel reinforcement constitutive models in FBCE: (a) #7; (b) #5; (c) #3 
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Figure 6-8 Schematic representations of yield penetration showing distribution of bond 
stress, tensile stress, and tensile strain along: (a) elastic development length, 
Lse; (b) yield development length, Lsy;(c) yield development length, Lsy and 
plastic development length, Lsp 
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Figure 6-9 Calculated and bilinear stress-slip models for steel reinforcement 
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Figure 6-10 Neutral axis compatibility between FBCE cross section and ZLSE cross 
section at interface of wall and foundation block 
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(a) 
 
 
  
(b) 
 
Figure 6-11 Stress versus strain relationship for concrete in ZLSE: (a) Wall 1; (b) Wall 2 
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(a) 
 
 
 
(b) 
 
Figure 6-12 Stress versus slip relationship for longitudinal steel reinforcement in ZLSE: 
(a) Wall 1; (b) Wall 2 
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Figure 6-13 Post-tensioned steel material model 
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Figure 6-14 Zero length spring element (ZLE) and zero length section element (ZLSE) 
arrangements 
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Figure 6-15 Total rotations at height of 33” (θ3) and at height of 60” (θ4) above wall 
base 
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Figure 6-16 Shear spring constitutive model (adapted from Leborgne and Ghannoum 
2013) 
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(a) 
 
  
(b) 
 
 
Figure 6-17 Shear spring constitutive model: (a) Wall 1; (b) Wall 2 
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Figure 6-18 Shear deformation in experiment at location of Node 3, at height of 33 inch 
above wall base, γ3 
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(a) 
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(c) 
 
Figure 6-19 Force versus deformation response of Wall 1: (a) until 0.8% drift; (b) until 
1.9% drift; (c) overall 
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(a) 
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(c) 
 
Figure 6-20 Force versus deformation response of Wall 2: (a) until 0.8% drift; (b) until 
1.9% drift; (c) overall 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 6-21 UPT 1 response of Wall 1: (a) until 0.8% drift; (b) until 1.9% drift; (c) 
overall 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 6-22 UPT 2 response of Wall 1: (a) until 0.8% drift; (b) until 1.9% drift; (c) 
overall 
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(c) 
Figure 6-23 UPT 1 response of Wall 2: (a) until 0.8% drift; (b) until 1.9% drift; (c) 
overall 
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Figure 6-24 UPT 2 response of Wall 2: (a) until 0.8% drift; (b) until 1.9% drift; (c) 
overall 
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Figure 6-25 UPT 3 response of Wall 2: (a) until 0.8% drift; (b) until 1.9% drift; (c) 
overall 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 6-26 Experimental total rotation at 33” above wall base (θ3) versus numerical 
total rotation at 33” above wall base (θ3) for Wall 1: (a) until 0.8% drift; (b) 
until 1.9% drift; (c) overall 
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(c) 
Figure 6-27 Experimental total rotation at 60” above wall base (θ4) versus numerical 
total rotation at 60” above wall base (θ4) for Wall 1: (a) until 0.8% drift; (b) 
until 1.9% drift; (c) overall 
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(c) 
Figure 6-28 Experimental total rotation at 33” above wall base (θ3) versus numerical 
total rotation at 33” above wall base (θ3) for Wall 2: (a) until 0.8% drift; (b) 
until 1.9% drift; (c) overall 
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(c) 
 
Figure 6-29 Experimental total rotation at 60” above wall base (θ4) versus numerical 
total rotation at 60” above wall base (θ4) for Wall 2: (a) until 0.8% drift; (b) 
until 1.9% drift; (c) overall 
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(b) 
 
Figure 6-30 Base shear versus shear deformation: (a) Wall 1; (b) Wall 2 
 
 
 
 
-400
-300
-200
-100
0
100
200
300
400
-5 -4 -3 -2 -1 0 1 2 3 4 5
L
a
te
ra
l 
F
o
rc
e
 (
k
ip
s)
Shear deformation (in)
Experimental Numerical
-400
-300
-200
-100
0
100
200
300
400
-4 -3 -2 -1 0 1 2 3 4
L
a
te
ra
l 
F
o
rc
e
 (
k
ip
s)
Shear deformation (in)
Experiemental Numerical
  
306 
 
 
Figure 6-31 First yielding of steel reinforcement (MS 2) on East side of Wall 1 
 
 
 
Figure 6-32 First yielding of steel reinforcement (MS 1) on West side of Wall 1 
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Figure 6-33 First yielding of steel reinforcement (MS 2) on East side of Wall 2 
 
 
 
Figure 6-34 First yielding of steel reinforcement (MS 1) on West side of Wall 2 
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(a) 
 
  
(b) 
 
Figure 6-35 First fracture of steel reinforcement in Wall 1: (a) experimental; (b) 
numerical 
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(a) 
 
  
(b) 
 
Figure 6-36 First fracture of steel reinforcement in Wall 2: (a) experimental; (b) 
numerical 
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(b) 
 
Figure 6-37 Normalized UPT force versus drift response for Wall 1: (a) UPT 1; (b) UPT 
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Figure 6-38 Normalized UPT force versus drift response for Wall 2: (a) UPT 1; (b) UPT 
2; (c) UPT 3 
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CHAPTER 7 
DESIGN OF FULL-SCALE PROTOTYPE WALLS 
This chapter presents the designs of a set of full-scale prototype unbonded post-tensioned 
(UPT) cast-in-place concrete walls. These prototype walls were developed to have 
properties similar to those of scaled walls Wall 1 and Wall 2 from the experimental 
program (but at full scale). The parameters that were included in the study of the prototype 
walls are presented first. Then, the development of the prototype building structures, in 
which the full-scale prototype walls are incorporated, are described. Finally, the designs of 
the full-scale prototype walls are presented.   
7.1 STUDY PARAMETERS 
Table 7-1 shows the preliminary study matrix of prototype walls. Four different 
parameters are considered, namely, the level of post-tensioned force in the wall (i.e., 
based on Wall 1 and Wall 2 from experimental program), the location of the prototype 
wall in the layout of the prototype building, the fundamental natural period of the 
prototype building structure, and the design strength of the prototype wall. Each 
prototype wall in Table 7-1 is identified (ID) according to these parameters. For example, 
PW1_Int_5S_R5 means prototype wall 1 (wall with smaller post-tensioned force that is 
similar to the scaled wall, Wall 1, from the experimental program) that is located in the 
interior of the 5-story prototype building, and is designed with R = 5. 
Prototype UPT cast-in-place concrete walls 1 and 2, PW1 and PW2, are derived from 
Wall 1 and Wall 2 (described in Chapter 4 and Chapter 5), respectively. PW1 has a 
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smaller initial post-tensioned force than PW2. Based on the experimental results, this 
parameter appears to influence the self-centering capacity of the wall and therefore is 
included as one of the study parameters. 
Depending on the location of the prototype wall in the layout of the prototype building, 
the gravity load level in the wall will vary. To study the effect of the level of gravity load 
on the response of the prototype walls, two different locations in the layout of the 
prototype building are considered, namely, interior (Int) and exterior (Ext).  
For studying the seismic response of prototype buildings with different fundamental 
periods, 5-story and 10-story prototype buildings are included. The number of stories is 
derived from Wall 1 and Wall 2. It will be shown later that different scaling factors are 
applied to Wall 1 and Wall 2 to obtain the prototype wall geometry for the 5-story and 
10-story buildings. Figure 7-1 shows the heights of the prototype walls in the 5-story and 
10-story buildings. 
Two different seismic response modification factors, R = 5 and R = 7, are used in this 
study and this parameter is directly related to the design strength of the prototype walls. 
The R values of 5 and 7 were chosen to study the effect of varying R from the standard 
values of R = 5, for special reinforced concrete shear walls in a bearing wall system, and 
R = 6, for special reinforced concrete shear walls in a building frame system, anticipating 
that R = 7 will be justified by the nonlinear time history analysis results presented later in 
Chapter 9. 
Table 7-1 shows the total number of prototype walls that were designed (16) based on the 
combinations of the study parameters. All interior prototype walls were analyzed using 
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static pushover analysis and nonlinear dynamic time history analysis, two of the exterior 
prototype walls (PW1_Ext_5S_R5 and PW1_Ext_10S_R5) were analyzed using static 
pushover analysis, and the rest of the prototype walls were not analyzed. It is shown later 
in Chapter 8 that based on the initial static pushover analysis of the prototype walls (with 
respect to the location of the prototype walls in the layout of the prototype building), 
there was no value in analyzing all the prototype walls. 
7.2 PROTOTYPE BUILDINGS 
In this section, the development of the prototype buildings is presented. The prototype 
building seismic data is developed first and is followed by the design loads on the 
prototype building. Subsequently, the layout of the prototype buildings is discussed. The 
structural components of the prototype buildings that were not designed and analyzed are 
also described.  
7.2.1 Prototype Building Seismic Data 
The location of the prototype buildings is assumed to be in the Los Angeles region, in 
California. Based on ASCE 7-10 (ASCE 2010), the mapped spectral acceleration 
parameter for short periods, SS, is 1.5 g and the mapped spectral acceleration parameter at 
1.0 second, S1, is 0.6 g. Site class D was assumed.  
Based on the mapped spectral acceleration parameters and the site class, the site 
coefficients, Fa and Fv, were determined using Table 11.4-1 and Table 11.4-2 in ASCE 7-
10 (ASCE 2010), respectively. The corresponding site coefficients Fa and Fv, are 1.0 and 
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1.5, respectively. The Maximum Considered Earthquake (MCER) spectral acceleration 
for short periods, SMS, and at 1 second, SM1, are as follows: 
 SMS=FaSS (ASCE 7-10 Eq. 11.4-1)  (7.1) 
 SM1=FvS1 (ASCE 7-10 Eq. 11.4-2)  (7.2) 
The design earthquake spectral acceleration at short periods, SDS, and at 1 second, SD1, 
are as follows: 
 
SDS=
2
3
SMS (ASCE 7-10 Eq. 11.4-3) (7.3) 
 
SD1=
2
3
SM1 (ASCE 7-10 Eq. 11.4-4) (7.4) 
The resulting design response spectrum is as shown in Figure 11.4-1 of ASCE 7-10 
(ASCE 2010), consistent with Eqs. 7.3 and 7.4. 
The prototype buildings are office buildings that were categorized in Risk Category II 
(ASCE 7-10 Table 1.5-1). A seismic importance factor, Ie, of 1.0 is used (ASCE 7-10 
Table 1.5-2). Based on Tables 11-6.1 and 11-6.2 of ASCE 7-10 (ASCE 2010), the 
prototype building was assigned to Seismic Design Category D. A summary of the 
prototype building seismic data is shown in Table 7-2. 
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7.2.2 Design Loads 
The prototype buildings are assumed to be flat slab buildings that incorporate UPT cast-
in-place concrete walls as the main lateral force resisting system with a typical floor plan 
as shown in Figure 7-2. The thickness of the slab is 8 inch for each floor except for the 
roof which is 6 inch thick. 
Tables 7-3 and 7-4 show the design dead loads and the design live loads for the prototype 
buildings, respectively. The loads are based on ASCE 7-10 (ASCE 2010). The design 
dead loads include self-weight of the slab and column and non-structural components 
usually placed on the top and bottom of the slab, as summarized in Table 7-3. The loads 
from the partitions are added to the design dead load to obtain the total seismic weight. 
The design live loads include the specified live load and partitions for the floors and the 
specified live load for the roof. 
7.2.3 Prototype Building Walls and Layout 
Table 7-5 shows the nominal material properties of concrete, steel reinforcement, and 
post-tensioned steel used to calculate the scaled nominal moment, Mn,scaled, of the scaled 
walls, Wall 1 and Wall 2. The scaled nominal moment, Mn,scaled, of the scaled walls is 
shown in Table 7-6.  Mn,scaled was calculated assuming the material properties in Table 7-
5 and using the geometry of the wall specimens from the experimental program in 
Chapter 4. Mn,scaled for Wall 1 is 2700 kip-ft and for Wall 2 is 2620 kip-ft. Also given in 
Table 7-6 are the full-scale nominal moment, Mn,full-scale, and the factored full-scale 
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nominal moment, ϕ
f
Mn,full-scale, for Wall 1 and Wall 2 and the scale factors used to 
calculate the moment. 
As discussed in Section 3.1, Wall 1 and Wall 2 are 0.4-scale versions of the walls in a 5-
story prototype building. Therefore, length scale factor of 2.5 is used to calculate the full-
scale nominal moment, Mn,full-scale, for Wall 1 and Wall 2, for the 5-story prototype 
building. It is noted that in calculating Mn,full-scale, Mn,scaled is scaled by the length scale 
factor to the third, i.e., (2.5)3. 
To calculate the full-scale nominal moment, Mn,full-scale, for Wall 1 and Wall 2 in the 10-
story prototype buildings, the following approximation is used 
 
(SF10st)
3
=
21Cs
10stWtot
10st
11Cs
5stWtot
5st
(SF5st)
3
 (7.5) 
where SF10st is the length scale factor for 10-story prototype building, SF5st is the length 
scale factor for 5-story prototype building (2.5); Cs
10st
 and Cs
5st
 are the period-dependent 
seismic response coefficients for 10-story and 5-story prototype buildings, respectively, 
from ASCE 7-10 (ASCE 2010);  Wtot
10st and Wtot
5st are the total seismic weight for 10-story 
and 5-story prototype buildings, respectively. It is noted that the assumption of constant 
story height and constant seismic weight at each story of prototype buildings have been 
used in deriving Eq. 7.5. In addition, the lateral seismic force distribution assumed in Eq. 
7.5 is not the same as that from ASCE 7-10 ELF procedure. The length scale factor based 
on Eq. 7.5 is about 3.63; however, a simpler (more appropriate) length scale factor of 
3.75 is used instead.  
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The layout of the prototype buildings was determined iteratively so that the design 
moment demand, Md, at the base of the prototype wall from the ELF procedure (ASCE 7-
10) corresponding to the layout of the prototype building was found to be less than or 
equal to the factored full-scale nominal moment, ϕ
f
Mn,full-scale, of Wall 1 and Wall 2 from 
Table 7-6. In the following, the ELF procedure (ASCE 7-10) to calculate Md is briefly 
described. 
Equivalent Lateral Force (ELF) Procedure 
In the ELF procedure (ASCE 2010), the approximate fundamental period of the prototype 
buildings is determined as follows: 
 Ta=Cthn
x
  (ASCE 7-10 Eq. 12.8-7) (7.6) 
where Ta is the approximate fundamental period, Ct and x are constants based on Table 
12.8-2 (ASCE 7-10), and hn is the building height. Ct and x are 0.02 and 0.75, 
respectively.  
The height of the prototype buildings equals the height of the full-scale prototype walls. 
The height of the full-scale prototype walls is based on the full-scale unbonded length of 
the post-tensioned steel in the scaled walls (an approximate unbonded length of 300 inch 
is utilized here instead of the length of 292.5 inch as given in Chapter 6). The length scale 
factors of 2.5 and 5 are used, respectively, to determine the heights of the 5-story and 10-
story prototype buildings. The corresponding heights of the 5-story and 10-story 
prototype buildings are 62.5 ft and 125 ft, respectively, as shown in Figure 7-1. These 
building heights correspond to reasonable story heights of 12.5 ft. It is noted that the 
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height of the 10-story prototype buildings is not scaled using the length scale factor of 
3.75, since the length scale factor of 3.75 is intended to provide an appropriate moment 
capacity for the walls. Based on Eq. 7.6, the approximate fundamental periods for the 5-
story and 10-story prototype buildings are 0.45 second and 0.75 second, respectively. 
Nonetheless, the design period, T, which is 
 T=CuTa (7.7) 
is used in the ELF procedure. The upper limit coefficient for the period, Cu is found in 
Table 12.8-1 (ASCE7-10). Cu is 1.4, which gives a design period, T, of 0.62 second and 
1.05 second for the 5-story and 10-story prototype buildings, respectively.  
Based on the design period, T, the seismic response coefficients, Cs of the prototype 
buildings are determined as follows:  
 
Cs=
SDS
(
R
Ie
)
  (ASCE 7-10 Eq.12.8-2) 
(7.8) 
The value of Cs should not exceed the following 
 
Cs=
SD1
T (
R
Ie
)
 for T≤TL  (ASCE 7-10 Eq.12.8-3) (7.9) 
 
Cs=
SD1TL
T2 (
R
Ie
)
 for T>TL  (ASCE 7-10 Eq.12.8-4) (7.10) 
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where TL is the long-period transition period(s) determined in section 11.4.5 of ASCE 7-
10 (ASCE 2010). The value of Cs should not be less than  
 Cs=0.044SDSIe≥0.01  (ASCE 7-10 Eq. 12.8-5) (7.11) 
A trial layout of the prototype buildings, for example as shown in Figure 7-2, is 
determined from which the total effective seismic weight, W, can be estimated. 
Subsequently, the seismic base shear, V, can be calculated as follows:  
 V=CsW  (ASCE 7-10 Eq. 12.8-1) (7.12) 
Next, the distribution of lateral seismic force, Fx, at each floor and roof can be determined 
as follows: 
 Fx=CvxV (ASCE 7-10 Eq. 12.8-11) (7.13) 
 
Cvx=
wxhx
k
∑ wihi
kn
i=1
  (ASCE 7-10 Eq. 12.8-12) (7.14) 
where Cvx is the vertical distribution factor; wi and wx are the portion of the total effective 
seismic weight of the prototype building located or assigned to floor i or x; hi and hx are 
the height from the base of the building to floor i or x; and k is an exponent related to the 
prototype building period. For a building having a period of 0.5 second or less, k = 1 and 
for a building having a period of 2.5 second or more k = 2. Finally, from Fx, the design 
moment demand, Md, at the base of the prototype wall can be determined. 
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The design moment demand, Md, is then compared to the factored full-scale nominal 
moment, ϕ
f
Mn,full-scale, shown in Table 7-6. If Md is larger than ϕfMn,full-scale then the trial 
layout of the prototype buildings is modified and the ELF procedure is repeated (starting 
from calculating W to calculating Md) until the requirement (Md ≤ ϕfMn,full-scale) is 
fulfilled. In addition, attention was paid to keeping Md relatively close to ϕfMn,full-scale so 
that the prototype walls did not have excessive overstrength. 
A summary of the results from the ELF procedure to determine the design moment 
demand, Md, for one prototype wall in the 5-story prototype building with R = 5 is shown 
in Table 7-7. A similar procedure to calculate Md was applied to the rest of the prototype 
walls and the results are shown in Table 7-8. Noted that the corresponding base shear 
demand, Vd, is also given in Table 7-8. Figures 7-3 and 7-4 show the final layouts of the 
5-story and 10-story prototype buildings, respectively, for different R values, 5 and 7, and 
for different locations of the prototype walls in the layout of the prototype buildings, 
interior (Int) and exterior (Ext). Each layout of prototype buildings in Figures 7-3 and 7-4 
is used for prototype walls 1 and 2, PW1 and PW2. 
7.2.4 Structural Members of Prototype Building 
The structural members in the prototype buildings include reinforced concrete columns, 
post-tensioned flat slabs, and UPT cast-in-place concrete walls. In this study, reinforced 
concrete columns and post-tensioned flat slabs are not designed, detailed, or analyzed but 
their cross sections were determined approximately to estimate the loads. These structural 
members are the main structural components for the gravity force resisting system. It is 
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assumed that these structural members have sufficient gravity load capacity and lateral 
deformation capacity to prevent premature failure during a seismic event.  
The prototype UPT cast-in-place concrete walls are used as the main lateral force 
resisting system in the prototype buildings. The prototype walls are designed and detailed 
according to ASCE 7-10 (ASCE 2010) and ACI 318-11 (ACI 2011).  
It is noted that the design and the details of the connection between the flat slab and the 
prototype walls are not included in this study. Nevertheless, it is assumed that there exists 
appropriate details to transfer the lateral force from the slab to the prototype walls. 
7.3 FULL-SCALE PROTOTYPE WALLS 
In this section, the geometry and material properties of the full-scale prototype walls are 
given and the designs of the full-scale prototype walls are described. 
7.3.1 Geometry 
The geometry of the full-scale prototype walls is derived from the geometry of the scaled 
walls, Wall 1 and Wall 2. The elevations and cross section of the scaled walls are shown 
in Figures 7-1 and 7-5, respectively. The height of the scaled walls in Figure 7-1 is based 
on the total unbonded length of the post-tensioned steel in Wall 1 and Wall 2, which is 
taken as 300 inch (25 ft). The length and width of the scaled walls are 72 inch (6 ft) and 
10 inch, respectively, as shown in Figure 7-5. As noted previously, the scaled walls are 
considered to be 0.4-scale versions of the full-scale prototype walls for the 5-story 
prototype building.  
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Figures 7-1 and 7-5 also, respectively, show the elevation and cross section of the full-
scale prototype wall dimensions for the 5-story and 10 story prototype buildings. The 
heights of the full-scale prototype walls are scaled by factors of 2.5 and 5, respectively, 
for the prototype walls in the 5-story and 10-story prototype buildings. The 
corresponding heights of the full-scale prototype walls in the 5-story and 10-story 
prototype buildings are 62.5 ft and 125 ft, respectively.  
The cross sections of the full-scale prototype walls in the 5-story and 10-story prototype 
buildings, respectively, are scaled by length factors of 2.5 and 3.75 for the wall length, 
however, slightly smaller length scale factors of 2.2 and 3.0 were applied to the wall 
width. The scale factors for the width of the prototype walls are reduced to maintain shear 
stress levels similar to those in the scaled walls and to keep the widths in a more practical 
width range. 
7.3.2 Material Properties 
The nominal material properties of the prototype walls are shown in Table 7-5. It is noted 
that these material properties are the same as to those used to calculate the scaled nominal 
moment, Mn,scaled, of the scaled walls shown in Table 7-6.  
The nominal concrete compressive strength, fc
 ′
, is 6 ksi and the modulus of elasticity of 
concrete, Ec, is calculated as follows: 
 
Ec=57000√fc
 ′
 (psi) (7.15) 
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The nominal yield strength of the steel reinforcement, fy, is 60 ksi and the modulus of 
elasticity of the steel reinforcement, Es, is 29000 ksi. The reinforcement steel is assumed 
to be elastic-perfectly-plastic for design purposes. The nominal yield strength, fpy, and 
ultimate strength, fpu, of the post-tensioned steel are 243 ksi and 270 ksi, respectively. 
The modulus of elasticity of the post-tensioned steel, Eps
nom, is 28000 ksi. 
7.3.3 Design of the Full-Scale Prototype Walls 
The designs of the full-scale prototype walls are based on ASCE 7-10 (ASCE 2010) and 
ACI 318-11 (ACI 2011). The design details include the amount of post-tensioned steel 
and reinforcement steel in the prototype walls.  
The full-scale prototype walls are designed with respect to the design moment demand, 
Md, determined from the ELF procedure, as shown in Table 7-8. The design moment 
demand, Md, for prototype walls 1 and 2 (PW1 and PW2) for the the 5-story prototype 
building is 35060 kip-ft for R = 5 and and 33390 kip-ft, for R = 7. The design moment 
demand, Md, for PW1 and PW2 for the 10-story prototype building is 118300 kip-ft for R 
= 5 and and 111500 kip-ft, for R = 7.  
Load combinations used for designing the full-scale prototype walls are based on ASCE 
7-10 (ASCE 2010) section 12.4.2.3 as follows: 
 U=(1.2+0.2SDS)D+ρE+γL (7.16) 
 U=(0.9-0.2SDS)D+ρE (7.17) 
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where D is the dead load effect; E is the seismic load effect; L is the live load effect; ρ is 
the redundancy factor (ρ=1) (ASCE 7-10 section 12.3.4); and γ is live load reduction 
factor. Eq. 7.17 is used as the load combination for designing the full-scale prototype 
walls with the assumption that each wall will yield in tension under combined axial and 
flexural loading. To justify this assumption, the axial force-moment (P-M) point from Eq. 
7.16 is checked against the P-M interaction curve of the designed prototype walls, to 
ensure that each wall does not fail in compression under combined axial and flexural 
loading implied by Eq. 7.16.  
Flexural Strength  
To calculate the nominal moment capacity, Mn, of the full-scale prototype walls, the 
amount and location of the post-tensioned steel and longitudinal steel reinforcement in 
the prototype wall cross sections are determined first. The amount of post-tensioned steel, 
Aps, in the full scale-prototype walls is based on the initial post-tensioned force in the 
full-scale prototype walls, Ppi. Ppi is determined from the nominal initial full-scale post-
tensioned force, Ppi,full-scale
nom , of the scaled walls, which is calculated as follows: 
 Ppi,full-scale
nom =Aps,scaled fpi
nom
 (SF)2 (7.18) 
where Aps,scaled is the amount of post-tensioned steel in the scaled walls; fpi
nom
 is the 
nominal initial post-tensioned stress in the scaled walls, which is 165 ksi (0.61fpu); and 
SF are the length scale factors, 2.5 and 3.75, for the full-scale prototype walls for the 5-
story and 10-story prototype buildings, respectively. 
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Ppi is determined from Ppi,full-scale
nom  by subtracting the gravity load carried by a prototype 
wall based on the tributary area shown in Figure 7-2, denoted Ptrw, as follows: 
 Ppi=Ppi,full-scale
nom -Ptrw (7.19) 
The locations of the post-tensioned steel groups (multi-strand tendons) in the full-scale 
prototype wall cross sections were arranged as close as possible to the centroid of the 
cross section.  
To determine the location and amount of the longitudinal steel reinforcement in the full- 
scale prototype walls, the length of the boundary elements in the prototype wall cross 
sections was determined first. It was done by scaling the total distance (center to center) 
from the first row to the last row of the longitudinal steel reinforcement in a boundary 
element of the scaled walls, Wall 1 and Wall 2 (see Figure 4-1). For example, in Wall 1, 
the total distance between the first row and the last row of the longitudinal steel 
reinforcement in each boundary element is 12 inch, so in prototype wall 1, PW1, for the 
5-story prototype buildings, the length is 30 inch (see Figure 7-6). Then, the amount and 
location of the longitudinal steel reinforcement in the boundary and web elements of the 
prototype walls were determined. The spacing between the longitudinal steel 
reinforcement in the prototype walls is dictated by the maximum spacing allowed per 
ACI 318-11 (ACI 2011) which is 18 inch. 
The ratios of the longitudinal steel reinforcement in the boundary and web elements of 
full-scale prototype wall cross sections are approximately the same as those in the scaled 
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walls, Wall 1 and Wall 2. These ratios are given in Tables 7-9 and 7-10 for the scaled 
walls and for the full-scale prototype walls, respectively.  
Once the amount and locations of the post-tensioned steel and longitudinal steel 
reinforcement in the full-scale prototype wall cross sections are determined, analysis of 
the cross sections is performed to calculate the nominal moment capacity, Mn, of the 
prototype walls. The amount and locations of the longitudinal steel reinforcement in the 
cross sections were adjusted until the factored nominal moment capacity of the prototype 
walls, ϕ
f
Mn, is greater than the design moment demand, Md, and is approximately 
comparable to the factored full-scale nominal moment of Wall 1 and Wall 2, ϕ
f
Mn,full-scale. 
The results are shown in Table 7-11. It is noted in Table 7-11 that there are some 
overstrength in the factored nominal moment capacity, ϕ
f
Mn, relative to the demand from 
the ELF procedure, Md, of the prototype walls (which ranges from 6% to 18%). However, 
as noted later (in Chapter 8), the material models used in the modeling and analysis of the 
prototype walls do not include any material overstrength (the material overstrength could 
be 15 to 20%). It is also noted that the prototype walls were scaled from test walls (and 
some compromises were made). 
Shear Strength  
The amount of shear reinforcement in the full-scale prototype walls is based on the ratio 
of shear reinforcement in the scaled walls, Wall 1 and Wall 2 (see Table 7-9). This ratio, 
as shown in Table 7-10, in the full-scale prototype walls, is maintained to be 
approximately the same to those in Wall 1 and Wall 2.  
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The nominal shear strength, Vn, of the full-scale prototype walls is calculated according 
to ACI 318-11 (ACI 2011) as follows: 
 
 Vn=Acv (αcλ√fc
 ′
+ρ
t
fy) (7.20) 
where Acv is the gross area of cross section of the prototype walls; αc is coefficient 
defining the relative contribution of the concrete shear strength to the nominal wall shear 
strength (equal to 2 for the prototype walls); λ is modification factor reflecting the 
reduced mechanical properties of lightweight concrete (equal to 1 for the prototype walls) 
relative to normal weight concrete of the same compressive strength; and ρ
t
 is the ratio of 
transverse longitudinal steel reinforcement in the prototype walls. It can be seen in Table 
7.12 that nominal shear capacity, Vn, of the prototype walls is less than the Vn limit 
specified by ACI 318-11 (ACI 2011). 
It is noted that the shear demand when the moment at the base of the wall reaches the 
nominal moment capacity, V@Mn, in the full-scale prototype walls, will vary during 
dynamic earthquake response. These variations are represented by two different assumed 
dynamic lateral force effective heights, Heff = 2/3Hw and Heff = 1/2Hw. V@Mn for the full-
scale prototype walls based on 2/3Hw and 1/2Hw are given in Table 7-13. For the scaled 
walls, Wall 1 and Wall 2, V@Mn,scaled, is given in Table 7-14. V@Mn,scaled is calculated by 
dividing the Mn,scaled in Table 7-6 by the height of the applied load from the base of the 
walls in the experiments, Hf (i.e., 150 inch). It can be seen that for the prototype walls of 
the 5-story prototype buildings, V@Mn at 2/3Hw and 1/2Hw bound V@Mn for Wall 1 and 
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Wall 2. For the prototype walls of the 10-story prototype buildings, V@Mn is less than 
those of Wall 1 and Wall 2, suggesting that the 10-story prototype walls would be less 
likely to have a shear failure than Wall 1 and Wall 2.  
Comparing the shear capacity of the prototype walls, ϕvVn (Table 7-12) to the shear 
demand at V@Mn for Heff = 0.5Hw (Table 7-13), it can be seen that there is overstrength in 
shear capacity of the prototype walls. It is noted that the shear capacity in the prototype 
walls and in the scaled walls, Wall 1 and Wall 2, are similar since the ratios of the 
transverse steel in the wall are similar as shown in Tables 7-9 and 7-10. 
In the experiment, the ratio of the height of the applied load from the base of the wall, Hf, 
to the total height of the wall, Hw, was about 0.57. For comparison, the lateral-force 
effective height based on Fx (given earlier) ranges from 0.67 to 0.71Hw (see Table 7-8) 
for the design of the prototype walls. This data implies that if the prototype walls were 
designed based on Vd (in Table 7-8), they would have been designed for much less shear 
demand (compared to shear demand in Table 7-13) and would be more likely to have 
shear failure.  
Final designs of the cross sections for the prototype walls in the 5-story prototype 
buildings are shown in Figures 7-6, 7-7, 7-8, and 7-9, and for the prototype walls in the 
10-story prototype buildings are shown in Figures 7-10, 7-11, 7-12, and 7-13. It is noted 
that the detailing of the steel reinforcement in the cross sections of the prototype walls is 
based on ACI 318-11 (ACI 2011). 
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7.4 SUMMARY 
Four different study parameters are used to determine the preliminary study matrix of the 
prototype walls. Two variations of the prototype walls that have a small (PW1) and a 
large (PW2) amount of post-tensioned steel force are included to study the first 
parameter. To study the effect of the level of gravity load on the response of the 
prototype walls, two possible locations of the prototype walls in the layout of prototype 
buildings, interior (Int) and exterior (Ext), are incorporated as the second parameter. For 
studying the seismic response of prototype buildings with different fundamental periods, 
5-story and 10-story prototype buildings are chosen as the third parameter. Two response 
modification factors, R = 5 and R = 7, which directly related to the design strength of the 
prototype walls, are used as the fourth parameter. Based on this combination, a set of full-
scale prototype UPT cast-in-place concrete walls was designed (16 prototype walls). 
The prototype buildings are assumed to be office building located in the Los Angeles 
region, in California. The prototype buildings are flat slab buildings that incorporate UPT 
cast-in-place concrete walls as the main lateral force resisting system.  
Each full-scale prototype wall is designed with respect to the design moment demand, 
Md, at the base of the prototype wall from the ELF procedure in ASCE7-10 (ASCE 
2010). The factored nominal moment capacity, ϕ
f
Mn, of the prototype walls is higher 
than the design moment demand, Md, by a margin that ranges from 6% to 18%.  
The ratios of flexural and shear reinforcement and post-tensioned steel in the prototype 
walls were designed to be comparable to those of the scaled walls, Wall 1 and Wall 2. 
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The prototype walls have similar shear capacity, Vn, as Wall 1 and Wall 2. The prototype 
walls also have similar shear demand as Wall 1 and Wall 2 at Mn, when the effective 
height of the lateral forces Heff = 1/2Hw.      
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Table 7-1  Preliminary study matrix of prototype walls 
 
Experimental 
wall 
Prototype 
wall 
Location 
Number 
of 
stories 
Response 
modification 
factor  
(R) 
ID Analysis type 
Wall 1 PW1 
Interior 
5 
5 PW1_Int_5S_R5 SP, NLTHA 
7 PW1_Int_5S_R7 SP, NLTHA 
10 
5 PW1_Int_10S_R5 SP, NLTHA 
7 PW1_Int_10S_R7 SP, NLTHA 
Exterior 
5 
5 PW1_Ext_5S_R5 SP 
7 PW1_Ext_5S_R7 N/A 
10 
5 PW1_Ext_10S_R5 SP 
7 PW1_Ext_10S_R7 N/A 
Wall 2 PW2 
Interior 
5 
5 PW2_Int_5S_R5 SP, NLTHA 
7 PW2_Int_5S_R7 SP, NLTHA 
10 
5 PW2_Int_10S_R5 SP, NLTHA 
7 PW2_Int_10S_R7 SP, NLTHA 
Exterior 
5 
5 PW2_Ext_5S_R5 N/A 
7 PW2_Ext_5S_R7 N/A 
10 
5 PW2_Ext_10S_R5 N/A 
7 PW2_Ext_10S_R7 N/A 
Note: SP = Static Pushover; NLTHA = Nonlinear Time History Analysis; N/A = not 
studied further 
 
 
 
Table 7-2  Prototype building seismic data 
 
Location 
SS 
(g) 
S1 
(g) 
Site 
class 
SDC 
Risk 
category 
Ie 
Site 
coefficients 
SMS 
(g) 
SM1 
(g) 
SDS 
(g) 
SD1 
(g) Fa Fv 
Los 
Angeles 
region 
1.5 0.6 D D II 1.0 1.0 1.5 1.5 0.9 1.0 0.6 
Note: SDC = Seismic Design Category; Ie = Seismic Importance Factor 
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Table 7-3  Design dead load 
 
Item 
Dead load 
(psf) 
Floor Roof 
Slab 100 75 
Ceiling 3 3 
Flooring 3 0 
Mechanical, electrical, and plumbing 10 10 
Fire proofing 3 3 
Structure (columns) 3 3 
Cladding 10 5 
Partitions (for seismic mass calculation) 15 0 
Insulation and waterproofing 0 11 
Total 147 110 
 
 
 
Table 7-4  Design live load 
 
Item 
Live load 
(psf) 
Floor Roof 
Office 50 0 
Partitions 15 0 
Roof (unreduced) 0 20 
Total 65 20 
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Table 7-5  Nominal material properties of concrete, steel reinforcement, and post-
tensioned steel 
 
Material 
Compressive 
strength  
(ksi)  
Yield 
strength  
(ksi) 
Tensile 
strength 
(ksi) 
Modulus of 
elasticity  
(ksi) 
Concrete 6 - - 4420 
Steel reinforcement - 60 - 29000 
Post-tensioned steel - 243 270 28000 
  
 
 
Table 7-6  Scaled and full-scale nominal moment 
 
Wall ID 
Mn,scaled 
(kip-ft) 
Scale factor = 2.5 Scale factor = 3.75 
Mn,full-scale 
(kip-ft) 
ϕ
f
Mn,full-scale 
(kip-ft) 
Mn,full-scale 
(kip-ft) 
ϕ
f
Mn,full-scale 
(kip-ft) 
Wall 1 2700 42200 38000 142400 128200 
Wall 2 2620 41000 37000 138200 124400 
 
 
 
Table 7-7 ELF procedure results for 5-story, R = 5, prototype building 
 
T 
(s) 
Cs 
Floor 
or 
story 
Height 
(ft) 
Unit 
seismic 
weight 
(psf) 
Building layout 
Seismic 
weight 
(kip) 
Seismic 
weight 
per 
wall 
(kip) 
Fx 
per 
wall 
(kip) 
M  
(kip-ft) 
Length 
(ft) 
Width 
(ft) 
0.6 0.2 
5 62.5 110 196 120 2587 647 216 2690 
4 50 147 196 120 3457 864 230 8270 
3 37.5 147 196 120 3457 864 173 16000 
2 25 147 196 120 3457 864 115 25170 
1 12.5 147 196 120 3457 864 58 35060 
Note: Fx = Lateral seismic force at floor; M = moment at bottom of story x 
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Table 7-8  Design moment and shear for prototype walls from ELF 
 
ID 
Md  
(kip-ft) 
Vd  
(kip) 
Md
HwVd
 
Vd 
(√fc') 
PW1_Int_5S_R5 35060 790 0.71 2.6 
PW1_Ext_5S_R5 35060 790 0.71 2.6 
PW1_Int_5S_R7 33390 754 0.71 2.5 
PW1_Ext_5S_R7 33390 754 0.71 2.5 
PW2_Int_5S_R5 35060 790 0.71 2.6 
PW2_Ext_5S_R5 35060 790 0.71 2.6 
PW2_Int_5S_R7 33390 754 0.71 2.5 
PW2_Ext_5S_R7 33390 754 0.71 2.5 
PW1_Int_10S_R5 118300 1380 0.69 2.2 
PW1_Ext_10S_R5 118300 1380 0.69 2.2 
PW1_Int_10S_R7 111500 1300 0.67 2.1 
PW1_Ext_10S_R7 111500 1300 0.67 2.1 
PW2_Int_10S_R5 118300 1380 0.69 2.2 
PW2_Ext_10S_R5 118300 1380 0.69 2.2 
PW2_Int_10S_R7 111500 1300 0.67 2.1 
PW2_Ext_10S_R7 111500 1300 0.67 2.1 
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Table 7-9  Steel reinforcement ratio used in scaled walls Wall 1 and Wall 2 
 
Wall ID 
Boundary element Web element 
Long.  Trans.1  Trans.2 Long. Trans. 
Wall 1 0.047 0.015 0.012 0.0031 0.0089 
Wall 2 0.025 0.015 0.012 0.0031 0.0089 
Note: Long. = longitudinal; Trans.1 = transverse in length direction of the wall;  
Trans.2 = transverse in width direction of the wall; Trans. = transverse in length direction 
of the wall 
 
 
 
Table 7-10  Steel reinforcement ratio in prototype walls 
 
ID 
Boundary element Web element 
Long.  Trans.1  Trans.2 Long. Trans. 
PW1_Int_5S_R5 
0.056 0.009 0.0014 0.0031 0.0089 
PW1_Ext_5S_R5 
PW1_Int_5S_R7 
PW1_Ext_5S_R7 
PW2_Int_5S_R5 
0.036 0.009 0.0011 0.0031 0.0089 
PW2_Ext_5S_R5 
PW2_Int_5S_R7 
PW2_Ext_5S_R7 
PW1_Int_10S_R5 
0.056 0.012 0.014 0.003 0.0089 
PW1_Ext_10S_R5 
PW1_Int_10S_R7 
PW1_Ext_10S_R7 
PW2_Int_10S_R5 
0.040 0.012 0.011 0.003 0.0089 
PW2_Ext_10S_R5 
PW2_Int_10S_R7 
PW2_Ext_10S_R7 
Note: Long. = longitudinal; Trans.1 = transverse in length direction of the wall;  
Trans.2 = transverse in width direction of the wall; Trans. = transverse in length direction 
of the wall 
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Table 7-11  Nominal moment and factored nominal moment for prototype walls, design 
moment from ELF, and factored full-scale nominal moment of the scaled 
walls, Wall 1 and Wall 2 
 
ID 
Md  
(kip-ft) 
ϕ
f
Mn,full-scale  
(kip-ft) 
ϕ
f
Mn 
(kip-ft) 
Md
ϕ
f
M
n
 
PW1_Int_5S_R5 
35060 
38000 
39250 0.89 
PW1_Ext_5S_R5 39350 0.89 
PW1_Int_5S_R7 
33390 
39250 0.85 
PW1_Ext_5S_R7 39350 0.85 
PW2_Int_5S_R5 
35060 
37000 
39200 0.89 
PW2_Ext_5S_R5 39320 0.89 
PW2_Int_5S_R7 
33390 
39200 0.85 
PW2_Ext_5S_R7 39320 0.85 
PW1_Int_10S_R5 
118300 
128200 
125000 0.95 
PW1_Ext_10S_R5 125000 0.95 
PW1_Int_10S_R7 
111500 
125000 0.89 
PW1_Ext_10S_R7 125000 0.89 
PW2_Int_10S_R5 
118300 
124400 
130000 0.91 
PW2_Ext_10S_R5 130000 0.91 
PW2_Int_10S_R7 
111500 
130000 0.86 
PW2_Ext_10S_R7 130000 0.86 
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Table 7-12  Nominal shear strength of prototype walls and shear strength limit per ACI 
318-11 (ACI 2011) 
 
ID 
Vn 
(√fc') 
ϕ
v
Vn 
(√fc') 
Vn ACI limit 
(√fc') 
PW1_Int_5S_R5 
8.9 5.8 10 
PW1_Ext_5S_R5 
PW1_Int_5S_R7 
PW1_Ext_5S_R7 
PW2_Int_5S_R5 
8.9 5.8 10 
PW2_Ext_5S_R5 
PW2_Int_5S_R7 
PW2_Ext_5S_R7 
PW1_Int_10S_R5 
8.9 5.8 10 
PW1_Ext_10S_R5 
PW1_Int_10S_R7 
PW1_Ext_10S_R7 
PW2_Int_10S_R5 
8.9 5.8 10 
PW2_Ext_10S_R5 
PW2_Int_10S_R7 
PW2_Ext_10S_R7 
Note: fc
'
 = 6 ksi; Vn = Acv(αcλ√fc
'  + ρtfy)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
339 
  
Table 7-13  Shear at nominal moment for assumed different applied dynamic force 
effective height in the prototype walls 
 
ID 
V@Mn  
(√fc') 
Heff =2/3 Hw Heff =1/2 Hw 
PW1_Int_5S_R5 3.4 4.5 
PW1_Ext_5S_R5 3.4 4.5 
PW1_Int_5S_R7 3.4 4.5 
PW1_Ext_5S_R7 3.4 4.5 
PW2_Int_5S_R5 3.4 4.5 
PW2_Ext_5S_R5 3.4 4.5 
PW2_Int_5S_R7 3.4 4.5 
PW2_Ext_5S_R7 3.4 4.5 
PW1_Int_10S_R5 2.7 3.5 
PW1_Ext_10S_R5 2.7 3.5 
PW1_Int_10S_R7 2.7 3.5 
PW1_Ext_10S_R7 2.7 3.5 
PW2_Int_10S_R5 2.8 3.7 
PW2_Ext_10S_R5 2.8 3.7 
PW2_Int_10S_R7 2.8 3.7 
PW2_Ext_10S_R7 2.8 3.7 
 
 
Table 7-14  Shear at nominal moment in scaled walls Wall 1 and Wall 2 
 
Wall ID 
V@Mn,scaled  
(√fc') 
Wall 1 3.9 
Wall 2 3.8 
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Figure 7-1 Elevations of scaled wall and full-scale prototype walls for 5-story and 10-
story prototype buildings 
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Figure 7-2 Tributary areas assigned to one prototype wall for gravity loads and for ELF 
procedure 
 
 
 
30'
30'
30'
30'
28' 28' 28' 28' 28' 28' 28'
UPT cast-in-place
concrete wall
Column
Tributary area for gravity
load carried by 1 wall
Tributary area for gravity load braced by 1
wall and seismic effects carried by 1 wall, with
gravity load carried by gravity load system
modeled by lean-on column gravity column
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Figure 7-3 Typical floor plans showing interior (Int) and exterior (Ext), R = 5 and R = 
7, prototype walls 1 and 2 (PW1 and PW2) for 5-story prototype buildings  
Int_5S_R5 Ext_5S_R5
Int_5S_R7 Ext_5S_R7
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Figure 7-4 Typical floor plans showing interior (Int) and exterior (Ext), R = 5 and R = 
7, prototype walls 1 and 2 (PW1 and PW2) for 10-story prototype buildings 
Int_10S_R5 Ext_10S_R5
Int_10S_R7 Ext_10S_R7
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Figure 7-5 Cross sections of scaled wall and full-scale prototype walls for 5-story and 
10-story prototype building
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Figure 7-6 PW1_Int_5S_R5 and PW1_Int_5S_R7 cross sections 
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Figure 7-7 PW1_Ext_5S_R5 and PW1_Ext_5S_R7 cross sections  
  
 
  
3
4
7
 
 
 
 
Figure 7-8 PW2_Int_5S_R5 and PW2_Int_5S_R7 cross sections  
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Figure 7-9 PW2_Ext_5S_R5 and PW2_Ext_5S_R7 cross sections  
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Figure 7-10 PW1_Int_10S_R5 and PW1_Int_10S_R7 cross sections  
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Figure 7-11 PW1_Ext_10S_R5 and PW1_Ext_10S_R7 cross sections  
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Figure 7-12 PW2_Int_10S_R5 and PW2_Int_10S_R7 cross sections  
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Figure 7-13 PW2_Ext_10S_R5 and PW2_Ext_10S_R7 cross sections  
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CHAPTER 8 
NUMERICAL MODELING OF PROTOTYPE WALL STRUCTURES AND 
PRELIMINARY STUDY OF PROTOTYPE WALL STRUCTURES 
This chapter presents the numerical modeling of the prototype wall structures and a 
preliminary study of the prototype wall structures. The discussion of the numerical 
modeling of the prototype wall structures includes discussion of the prototype wall model 
geometry, the material models, the gravity loads, the seismic mass, and the damping. The 
preliminary study of the prototype wall structures includes the following: (1) the effect of 
gravity load variations on the strength of the prototype walls; (2) the effect of early 
nonlinearity of the post-tensioned steel on the strength of the prototype walls; (3) the 
effect of modeling various failure modes on the collapse capacity; and (4) the effect of 
using different fracture strain limits in the post-tensioned steel model on the collapse 
capacity. 
8.1 PROTOTYPE WALL STRUCTURE MODELING 
The numerical modeling approach used for the prototype walls is similar to the calibrated 
numerical wall model approach described in Chapter 6. For the prototype wall structures, 
the gravity loads, the seismic mass, and the damping are additional modeling 
considerations. In the following sections, descriptions of the numerical model 
components are presented. 
  
354 
  
8.1.1 Model Geometry 
The typical layout of the prototype walls in the prototype building is shown in Figure 8-1. 
Due to the symmetry of the layout of the prototype walls in the buildings as shown in 
Figure 8-1, only one prototype wall is included in each prototype wall structure.  
The model for a 5-story prototype wall structure is shown in Figure 8-2, which represents 
a typical prototype wall structure model. As shown in Figure 8-2, the prototype wall 
structure model consists of two structural components, namely, the UPT cast-in-place 
concrete wall and the lean-on column. 
The finite element software, OpenSees (Mazzoni et al. 2006), is used to model and 
analyze the prototype wall structures. The prototype wall structure model is a two-
dimensional (2D) model and includes several different types of elements as shown in 
Figure 8-2.  
Fiber force-based beam-column elements (FBCE) are used to model the reinforced 
concrete wall. The FBCE is a two-node line element with fiber discretization at the cross 
section level. Fiber discretization examples have been given in Chapter 3 and Chapter 6. 
The FBCE has the capability to model the axial stiffness and flexural stiffness of the wall. 
To include shear flexibility in the FBCE, a linear elastic shear material model is 
aggregated within the cross section of the FBCE. 
The plastic hinge region of the prototype wall structure is modeled within the first 
element of the FBCE just above the base of the wall, as shown in Figure 8-2. The height 
of this element is 2Hcr as shown in Figure 8-2. Hcr is established as described in Chapter 
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6. Hcr represents the height over which inelastic deformation of the concrete will 
concentrate in the wall. Two point Gauss-Legendre integration is used in the first element 
above the base of the wall and two point Gauss-Lobatto is used for the rest of the 
elements above it. 
Truss elements are used to model the post-tensioned steel. The truss element is a two-
node line element that models only axial force versus deformation behavior. One truss 
element is used to model each UPT steel group in the prototype wall as shown in Figure 
8-2. The base node of the truss element is pinned and the top node (at the top of the wall) 
is connected to a rigid beam element, which simulates the post-tensioned steel anchorage 
and the transfer of the post-tensioned force into the wall.  
A zero length section element (ZLSE) and a zero length spring element (ZLE) are used to 
model slip of the longitudinal steel reinforcement at the base of the wall and shear failure 
in the wall, respectively, as shown in Figure 8-2. Although the ZLE models shear failure 
within the wall it is located at the base of the wall. The two zero length elements have the 
same nodes at the same location (base of the wall) and one of these nodes is fixed. The 
ZLSE has the same cross section and discretization of fibers to model concrete and 
reinforcing steel as the adjacent FBCE. The ZLE in the prototype wall is based on 
Leborgne and Ghannoum (2013) similar to the ZLE in the calibrated wall models 
described in Chapter 6.  
The P-Δ effects are included in the prototype wall structure model using a lean-on 
column as shown in Figure 8-2. An elastic beam-column element (BCE) is used to model 
the lean-on column. The node of the lean-on column at the base is pinned. To simulate a 
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rigid floor diaphragm in the building, the horizontal displacements of the prototype wall 
and the lean-on column are the same; the horizontal displacement of the node at each 
floor level of the prototype wall is constrained to the horizontal displacement of the node 
at each floor level of the lean-on column (the nodes of the lean-on column are the master 
nodes). It is noted that the vertical displacement and rotation of the node at each floor 
level of the prototype wall are not constrained to the vertical displacement and rotation of 
the node at each floor level of the lean-on column. 
8.1.2 Material Model 
It is noted in Chapter 7 that the prototype walls have a flexural design overstrength 
ranging from 6% to 18%. To offset this overstrength and produce more demanding (more 
conservative) nonlinear time history analysis results for the prototype structures, the 
numerical models did not include material overstrength. 
Nominal material properties are used for modeling the concrete, longitudinal steel 
reinforcement, and post-tensioned steel stress versus strain response. The stress versus 
strain response was modeled using material models available in OpenSees (Mazzoni et al. 
2006).  
Concrete 
Two different concrete material models are used for modeling the stress versus strain 
response of the unconfined and confined concrete in the prototype wall structure models. 
Unconfined concrete is modeled using the Concrete01 material model in OpenSees 
(Mazzoni et al. 2006) where the concrete tensile stress is neglected. Confined concrete is 
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modeled using the Concrete02 material model, where a small concrete tensile strength is 
included. It is noted that, in Chapter 6, the Concrete07 material model was used for 
modeling the confined concrete. The Concrete02 model is used for the prototype wall 
structure model instead of Concrete07 for its stability and computational efficiency in 
nonlinear time history analysis (NLTHA) of the prototype wall structures. 
The concrete compressive strength, fc
 ′
, is assumed to be 6 ksi with an elastic modulus, Ec, 
of 4420 ksi. The confined concrete compressive strength and fracture strain are estimated 
according to Mander et al. (1988). A summary of concrete material model parameters for 
the unconfined and confined concrete for each prototype wall structure model is shown in 
Table 8-1. 
The typical stress versus strain relationships in compression for the unconfined and 
confined concrete material models are shown in Figure 8-3. Two ways of modeling 
failure of confined concrete are shown in Figure 8-3. One way is to model the failure 
explicitly as shown by the significant reduction of concrete compressive stress when εcu 
is reached (shown by inclined arrow in Figure 8-3). The other way is to model the failure 
not explicitly as shown by constant concrete compressive stress after εcu is reached 
(shown by horizontal arrow and dash line in Figure 8-3). The latter is used for the 
prototype wall structure models in this study. The fracture of confined concrete is 
checked in the strain values from the analysis results. It is noted that the strain (in the 
stress versus strain relationships) of the unconfined concrete and confined concrete for 
the ZLSE are modified as described in Chapter 6 to keep the neutral axes in the cross 
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section of the ZLSE at a similar location as the neutral axis in the cross section of the 
FBCE adjacent to the ZLSE.  
Steel Reinforcement 
The steel material model, Steel02, is used to model the longitudinal steel reinforcement in 
the FBCE and ZLSE. This material model was chosen instead of the other steel material 
model, ReinforcingSteel (used in the calibrated wall models in Chapter 6), to reduce 
convergence problems in the NLTHA of the prototype wall structures.  
The yield strength of the steel reinforcement, fy, is assumed to be 60 ksi with a modulus 
of elasticity, Es, of 29000 ksi. The strain hardening modulus, Esh, is assumed to be 1% of 
the elastic modulus. Table 8-2 shows the steel reinforcement model parameters used in 
the prototype wall structure models.  
Fracture of Longitudinal Steel Reinforcement 
Fracture of the longitudinal steel reinforcement in the FBCE is modeled using a 
combination of the Steel02 material model and the MinMax material model where the 
fracture strain of the steel reinforcement, εsf, is specified in the MinMax material model. 
This fracture model is a non-cyclic fracture model (compared to the cyclic fracture 
model, using the ReinforcingSteel material model in the calibrated wall models described 
in Chapter 6). This fracture model does not explicitly include buckling and low cycle 
fatigue of the steel reinforcement. 
A comparison between results from a wall model with a cyclic fracture model 
(ReinforcingSteel material model) and the results from a wall model with a non-cyclic 
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fracture model (combination of Steel02 and MinMax material models) for Wall 1 and 
Wall 2 is shown in Figures 8-4(a) and 8-4(b), respectively. It is noted that there is no 
significant differences in the global response of the wall models when the two different 
fracture models are used until a drift level of about 2% or during the last loading cycles. 
The comparison in Figure 8-4 is the basis for using a non-cyclic fracture model in the 
prototype wall structure models. 
The fracture strain of the steel reinforcement, εsf, used in the prototype wall numerical 
models is taken as 7.5%. Figure 8-5(a) shows the steel stress versus strain response of the 
reinforcement material model used in the prototype wall structure models. 
Yield Penetration of Longitudinal Steel Reinforcement (Bar Slip) 
The model of slip of longitudinal steel reinforcement due to yield penetration into the 
foundation is based on Ghannoum and Moehle (2012). The stress versus slip relationship 
in the prototype wall structure model is derived with the assumption of bilinear bond 
stress distribution along the development length of the steel reinforcement embedded in 
the foundation. The stress versus slip relationship was developed as presented in Chapter 
6.  The Steel02 material model in OpenSees (Mazzoni et al. 2006) is used to model the 
stress versus slip relationship in the ZLSE. The stress versus strain relationship of the 
steel reinforcement shown in Figure 8-5(b) is the basis to derive the stress versus slip 
relationship for the steel reinforcement in the ZLSE.  
Post-tensioned Steel 
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The Steel02 material model in OpenSees (Mazzoni et al. 2006) combined with 
InitialStress material model is used to model the post-tensioned steel. Table 8-4 shows 
the post-tensioned steel material model parameters used in the prototype wall structure 
models. The yield strength, fpy, and ultimate strength, fpu, of the post-tensioned steel are  
assumed to be 243 ksi and 270 ksi, respectively. The modulus of elasticity of the post-
tensioned steel, Eps, is 28000 ksi and the strain hardening modulus of the post-tensioned 
steel, Epsh, is 1% of the post-tensioned steel elastic modulus. The initial post-tensioned 
stress, fpi, is assumed to be 165 ksi. 
To model fracture of the post-tensioned steel, the Steel02 material model in OpenSees 
(Mazzoni et al. 2006) and InitialStress material model are combined with MinMax 
material model. A fracture strain, εpsf, of 2% is used to the MinMax material model. This 
fracture strain is the minimum fracture strain required by the International Code Council 
Evaluation Service, Inc. (ICC-ES) (2006). Figure 8-6(a) shows the stress versus strain 
relationship for the post-tensioned steel in tension that includes fracture.  
Shear Failure 
Table 8-4 shows the material model parameters used in the ZLE for modeling the shear 
failure in the prototype walls. These material model parameters are identical to those used 
in the calibrated wall models for Wall 1 and Wall 2. The relative rotation of nodes 1 and 
3 in Figure 8-2 is used to trigger shear failure in the wall. For PW1 and PW2 (derived 
from Wall 1 and Wall 2), a rotation limit of 0.038 rad. and 0.04 rad. are used, 
respectively. 
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8.1.3 Gravity Load 
Two different gravity load patterns are used in the prototype wall structure models. These 
load patterns are based on the tributary areas shown in Figure 8-1. The tributary area for 
the gravity load carried by the wall is shown by the vertical line shaded area and the 
tributary area for the gravity load carried by the gravity load system, which is modeled by 
the on the lean-on column is shown by the horizontal line shaded area. The corresponding 
gravity loads on the wall (Ptrw1 to Ptrw5) and on the lean-on column (P1 to P5) at each floor 
level are shown in Figure 8-2. It is noted that self-weight of the prototype wall, Psw, is 
assigned to the node at mid-height of the wall model, as shown in Figure 8-2. 
8.1.4 Mass and Damping 
Mass at each floor level (m1 to m5 in Figure 8-2) of the prototype wall structure model is 
determined from the gravity loads within the vertical line and horizontal line shaded areas 
in Figure 8-1. The mass at each floor level is the dead load plus the partition load (from 
the live load) divided by the acceleration due to gravity. The mass at each floor level is 
assigned to the lean-on column as shown in Figure 8-2.  
Rayleigh damping is assumed in the prototype wall structure model. The first and third 
modes have a damping ratio of 5%, which determines the Rayleigh damping parameters. 
The Rayleigh stiffness proportional damping factor is assigned to all elements in the 
model except the ZLE. 
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8.2 PRELIMINARY STUDY 
Using the numerical models of the prototype walls, four preliminary studies were 
performed. The first study considered the influence of the gravity load variations in the 
prototype building on the strength of the prototype walls. The second study considered 
the effects of either a lumped or a distributed model of the post-tensioned steel in the 
model. The third study considered the effects of modeling different failure modes on the 
collapse capacity. The last study considered the effects of using different fracture strain 
limits in the post-tensioned steel model on the collapse capacity.  
It is noted that the material models for the longitudinal steel reinforcement and the post-
tensioned steel used in the first two preliminary studies above are simplified material 
models that exclude fracture. Figure 8-5(b) and 8-6(b) shows these material models for 
the steel reinforcement and the post-tensioned steel, respectively. As for the last two 
preliminary studies listed above, fracture of the longitudinal steel reinforcement and the 
post-tensioned steel are included using the material models as shown in Figures 8-5(a) 
and 8-6(a).  
8.2.1 Gravity Load Variations 
It is recognized that variations in the gravity live load present in the prototype building at 
the time of an earthquake might influence the strength of the prototype wall. Depending 
on the location of the prototype wall (interior or exterior) in the prototype building plan, 
the effect of live load variations may change. Thus, a preliminary study was performed. 
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The following gravity load combinations (LCs) were used in the study to represent the 
variations of gravity loads in the structure 
 LC1:   D (8.1) 
 LC2:   D+0.25L (8.2) 
 LC3:   D+0.5L (8.3) 
 LC4:   D+L (8.4) 
 LC5:   (0.9 – 0.2SDS)D = 0.7D (8.5) 
where D is the dead load effect; and L is the live load effect. It is noted that LC5 (where 
SDS is the design spectral acceleration at short periods, equal to 1 g) is the load 
combination used to design the prototype walls. 
Four different prototype walls are used in the study, namely, PW1_Int_5S_R5, 
PW1_Ext_5S_R5, PW1_Int_10S_R5, and PW1_Ext_5S_R5. Pushover analysis was 
performed for each prototype wall model considering the variations of gravity loads. The 
lateral load distribution in the pushover analyses is based on the results of the ELF 
procedure described in Chapter 7.  
Figures 8-7 and 8-8 show the results of the pushover analyses of the prototype walls in 
the 5-story and 10-story prototype buildings, respectively. Figures 8-7(a) and 8-8(a) show 
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the base moment versus roof lateral drift response for the interior prototype walls and 
Figures 8-7(b) and 8-8(b) show similar results for the exterior walls. It can be seen that 
the variations in strength and stiffness of these walls are insignificant as the gravity load 
varies. With respect to the location of the prototype walls in the prototype building, there 
is greater variation in strength for the interior walls than for the exterior walls. Based on 
these results, it is concluded that only the interior walls should be studied further, and the 
final study matrix is shown in Table 8-5. The level of gravity load selected for the 
remaining studies is based on FEMA P695 (2009) as follows: 
 LC6 = 1.05D + 0.25L (8.6) 
Table 8-6 shows the normalized total vertical force, ηPtotal, (gravity load from Eq. 8.5 or 
Eq. 8.6 plus the post-tensioned force) for each prototype wall structure. As can be seen in 
Table 8-6, the total normalized vertical force is dominated by the post-tensioned force. 
Overall, the results in this section show that the use of unbonded post-tensioned steel in 
the UPT cast-in-place concrete wall significantly reduces the sensitivity of the wall 
response to gravity load variations. 
8.2.2 Post-tensioned Steel Yielding for Different Models 
Depending on how the post-tensioned steel is modeled, either as a lumped post-tensioned 
steel group or distributed post-tensioned steel groups, yielding and fracture of the post-
tensioned steel will occur at different levels of roof drift. A preliminary pushover analysis 
of the PW2_Int_5S_R5 wall was conducted to study this effect. 
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Results of the analysis are shown in Figure 8-9, where base moment versus roof drift is 
plotted. It is shown that the left post-tensioned steel group in the wall first yields at a drift 
level of 3.3% when it is modeled as distributed post-tensioned steel. At 3.3% drift, when 
the post-tensioned steel is modeled as lumped post-tensioned steel, the force in the post-
tensioned steel is 87% of the yielding force, which indicates the post-tensioned steel does 
not yield. In terms of global response, it can be seen that the responses of the wall models 
with the lumped and distributed post-tensioned steel models have almost the same 
strength and stiffness until the first yielding occurs. In the numerical models used for the 
rest of the numerical studies, only the distributed model of the post-tensioned steel is 
used. 
8.2.3 Failure Modes Modeling 
In the FEMA P-695 (2009) document, for assessing the collapse capacity of a prototype 
structure, it is required to include all related failure modes in the NLTHA of the prototype 
structure under consideration. A study was conducted to quantify the effect on the 
collapse capacity of including or not including fracture of the longitudinal steel 
reinforcement and shear failure of the wall in the prototype wall structure models. 
Incremental Dynamic Analysis (IDA) was performed for this study. The details of the 
IDA approach, including descriptions of the ground motion set, the ground motion 
scaling, and the analysis procedure, are given in Chapter 9. 
IDA was performed on four different numerical models of PW1_Int_5S_R5 wall. The 
numerical models are designated as Cases A, B, C, and D. In Case A, fracture of the 
longitudinal steel reinforcement and shear failure in the wall are not included in the 
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numerical model. In Case B, fracture of the longitudinal steel reinforcement is included 
and shear failure in the wall is not included in the numerical model. In Case C, fracture of 
the longitudinal steel reinforcement is not included and shear failure in the wall is 
included in the numerical model. Finally in Case D, both fracture of the longitudinal steel 
reinforcement and shear failure in the wall are included in the numerical model.  
Figure 8-10 shows the collapse fragility curves for the four cases based on the results of 
IDA. To construct the fragility curves in Figure 8-10, the counting median of the collapse 
spectral acceleration (SCT) and a dispersion (standard deviation of natural logarithm of 
SCT) of 0.4 from FEMA P695 (2009) are used. The median 5 percent damped spectral 
acceleration at the design fundamental period, T, is used as the hazard intensity measure, 
and the collapse spectral acceleration is assumed to have a lognormal distribution. 
The values of SCT for Cases A, B, C, and D are 4.7 g, 4.3 g, 3.9 g, and 3.8 g, respectively. 
These results suggest that including fracture of the longitudinal steel reinforcement and 
shear failure in the wall in the prototype wall structure models has a significant effect in 
the collapse capacity. As expected, the median collapse spectral acceleration, SCT, for 
wall models that include both failure modes, is smaller than that for wall models that do 
not include both failure modes (Case D versus Case A). In addition, including shear 
failure in the wall models has a more detrimental effect on the collapse capacity including 
fracture of the longitudinal steel reinforcement (Case C versus Case B). Based on these 
results, all the prototype wall structure models that are used to generate the results in 
Chapter 9 include fracture of the longitudinal steel reinforcement and shear failure in the 
wall. 
  
367 
  
8.2.4 Post-tensioned Steel Fracture Strain Limits 
In the tests of Wall 1 and Wall 2 (see Chapter 4), special detailing was used in the bottom 
and top anchorages of the post-tensioned steel to prevent premature fracture of the post-
tensioned steel at the anchorages. Nevertheless, in practice, this detail might not be 
economical, and the post-tensioned steel may fracture at lower strain level. Therefore, a 
study of the effect on the collapse capacity of using different fracture strain values for the 
post-tensioned steel was performed.  
IDA was performed on numerical models of PW1_Int_5S_R5 wall, designated as Cases 
D and E. Case D was described in the previous section and includes a fracture strain of 
2% for the post-tensioned steel. Case E is similar to the model for Case D, but includes a 
fracture strain of 1% for the post-tensioned steel. The fracture strain of 1% is based on 
Walsh and Kurama (2010). 
Results from the IDA for Cases D and E are shown in Figure 8-11. The median collapse 
spectral acceleration, SCT, for Cases D and E are 3.78 g and 3.72 g, respectively. These 
results suggest that the effect on the collapse capacity of using 1% or 2% as the fracture 
strain for the post-tensioned steel is not significant. Therefore, in the prototype wall 
structure models used for the analysis presented in Chapter 9, a fracture strain of 2% for 
the post-tensioned steel material model is used.  
8.3 SUMMARY 
This chapter presents the numerical modeling of the prototype wall structures. The 
prototype wall structure models are two-dimensional (2D) models. The prototype UPT 
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cast-in-place concrete wall is modeled using fiber force-based beam-column elements 
(FBCE), truss elements, and rigid beam elements. A zero length section element (ZLSE) 
and a zero length element (ZLE) are included for modeling yielding penetration of the 
steel reinforcement (bar slip) and shear failure in the wall, respectively. To account for P-
Δ effects, a lean-on column is included. 
The nominal material properties for modeling the concrete, the steel reinforcement, and 
the post-tensioned steel stress versus strain responses are used. Material models available 
in OpenSees (Mazzoni et al. 2006) are used to model the failure modes of the prototype 
walls that include failure of confined concrete, fracture of the longitudinal steel 
reinforcement, fracture of the post-tensioned steel, and shear failure in the wall. 
Pushover analyses were performed to study the effect of gravity load variations on the 
strength of the prototype walls, and to study the effect of early nonlinearity of the post-
tensioned steel. The study on the gravity load variations shows that there are no 
significant variations in the strength of the prototype walls when subjected to different 
gravity load variations. The locations of the prototype walls (interior and exterior) in the 
prototype building plan did not have a significant effect on the effect of the gravity load 
variations. As a result, the number of the prototype walls that are studied is reduced (from 
16 to 8, including interior walls only).  
The study on early nonlinearity of the post-tensioned steel shows that modeling the post-
tensioned steel as a lumped model or a distributed model has no significant effect on the 
strength of the prototype walls until the point of yielding (in the distributed model). 
Yielding of the post-tensioned steel in the prototype wall structure model is observed to 
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occur at large drift (> 3%). The distributed model of the post-tensioned steel is chosen for 
the prototype wall structure models used in the remaining studies. 
Incremental Dynamic Analysis (IDA) was performed to study the effect of modeling 
different failure modes on the collapse capacity and to study the effect on the collapse 
capacity of using different fracture strain values in the post-tensioned steel model. The 
study of modeling different failure modes shows that there is significant increase in the 
probability of collapse when the prototype wall structure models include fracture of the 
longitudinal steel reinforcement model and shear failure. In addition, the results show that 
including only a shear failure model in the prototype wall structure model has a more 
detrimental effect on the collapse capacity than including only fracture of the longitudinal 
steel reinforcement. 
The study on the effect of using different fracture strains for the post-tensioned steel 
shows that using either 1% strain or 2% strain as the fracture strain does not have 
substantial effect on the collapse capacity. Based on these results, the prototype wall 
structure models used in the studies presented in Chapter 9, include fracture of the 
longitudinal steel reinforcement, shear failure, and a 2% fracture strain for the post-
tensioned steel. 
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Table 8-1  Concrete model parameters 
 
ID 
Unconfined concrete Confined concrete 
fc
 ′
 
(ksi) 
εc 
Ec 
(ksi) 
fcc
 ′
 
(ksi) 
εcc εcu 
PW1_Int_5S_R5 
6 0.002 4420 10 0.008 0.050 
PW1_Ext_5S_R5 
PW1_Int_5S_R7 
PW1_Ext_5S_R7 
PW2_Int_5S_R5 
6 0.002 4420 9.9 0.008 0.050 
PW2_Ext_5S_R5 
PW2_Int_5S_R7 
PW2_Ext_5S_R7 
PW1_Int_10S_R5 
6 0.002 4420 10.2 0.008 0.059 
PW1_Ext_10S_R5 
PW1_Int_10S_R7 
PW1_Ext_10S_R7 
PW2_Int_10S_R5 
6 0.002 4420 9.4 0.008 0.056 
PW2_Ext_10S_R5 
PW2_Int_10S_R7 
PW2_Ext_10S_R7 
 
 
 
Table 8-2  Steel reinforcement model parameters 
 
fy 
(ksi) 
Εs 
(ksi) 
εsf 
60 29000 0.075 
 
 
 
Table 8-3  Post-tensioned steel model parameters 
 
fpy 
(ksi) 
fpu 
(ksi) 
fpi 
(ksi) 
Εps 
(ksi) 
εpsf 
243 270 165 28000 0.02 
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Table 8-4  Shear failure model parameters 
 
Basis 
for 
prot. 
wall 
Kelastic 
(kip/in) 
θ3 
(rad) 
Kdeg 
(kip/in) 
Vr 
Unloading 
pinching 
Reloading pinching 
Cycle-
based 
strength 
damage 
factor 
Force 
fraction of 
unloading 
point force 
Force 
fraction 
of 
unloading 
point 
force 
Deformation 
fraction of 
unloading 
point 
deformation 
1 7359 0.038 -48 0.2Vsh 
PN = 0.5 PN = 0.0 PN = -0.6 
0.12 
NP = 0.4 NP = 0.4 NP = -0.3 
2 7359 0.040 -23 0.2Vsh 
PN = 0.5 PN = 0.0 PN = -0.3 
0.3 
NP = 0.5 NP = 0.4 NP = -0.3 
Note: Format of table is adapted from Leborgne and Ghannoum (2013); prot. = prototype 
 
 
Table 8-5  Final study matrix of prototype wall structures 
 
Experiment
al wall 
Prototy
pe wall 
Locatio
n 
Numb
er of 
story 
Response 
modificati
on factor 
R 
ID 
Analysis 
type 
Wall 1 1 Interior 
5 
5 PW1_Int_5S_R5 SP, NLTHA 
7 PW1_Int_5S_R7 SP, NLTHA 
10 
5 PW1_Int_10S_R5 SP, NLTHA 
7 PW1_Int_10S_R7 SP, NLTHA 
Wall 2 2 Interior 
5 
5 PW2_Int_5S_R5 SP, NLTHA 
7 PW2_Int_5S_R7 SP, NLTHA 
10 
5 PW2_Int_10S_R5 SP, NLTHA 
7 PW2_Int_10S_R7 SP, NLTHA 
Note: SP = Static Pushover; NLTHA = Nonlinear Time History Analysis 
 
 
Table 8-6  Normalized total vertical force in prototype wall structures 
 
ID Normalized 
gravity load* 
(A) 
Normalized 
gravity load# 
(B) 
Normalized 
PT force 
(C) 
Normalized total 
vertical force 
(A+C), (B+C) 
PW1_Int_5S_R5 0.02 0.03 0.08 (0.10), (0.11) 
PW1_Int_5S_R7 0.02 0.03 0.08 (0.10), (0.11) 
PW2_Int_5S_R5 0.02 0.03 0.16 (0.18), (0.19) 
PW2_Int_5S_R7 0.02 0.03 0.16 (0.18), (0.19) 
PW1_Int_10S_R5 0.02 0.03 0.09 (0.11), (0.12) 
PW1_Int_10S_R7 0.02 0.03 0.09 (0.11), (0.12) 
PW2_Int_10S_R5 0.02 0.03 0.18 (0.20), (0.21) 
PW2_Int_10S_R7 0.02 0.03 0.18 (0.20), (0.21) 
Note: Values in table are normalized by fc
 ′
Ag; 
*corresponds to LC5; #corresponds to LC6 
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Figure 8-1  Tributary areas for prototype wall and lean-on column 
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Figure 8-2  Geometry of prototype wall structure model including UPT cast-in-place 
concrete wall, lean-on column, different types of elements, gravity loads, 
and mass 
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Figure 8-3  Concrete material models (unconfined and confined concrete models) used 
in prototype wall structure models 
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(a) 
 
 
 
 
 
(b) 
 
Figure 8-4  Comparison of global response (base shear versus drift) of calibrated wall 
structure models using cyclic fracture model and non-cyclic fracture model 
of longitudinal steel reinforcement: (a) Wall 1; (b) Wall 2 
 
 
 
 
 
 
 
 
 
-400
-300
-200
-100
0
100
200
300
400
-3 -2 -1 0 1 2 3
B
a
se
 S
h
e
a
r
 (
k
ip
)
Drift (%)
Including cyclic fracture Not including cyclic fracture
-400
-300
-200
-100
0
100
200
300
400
-6 -4 -2 0 2 4 6
B
a
se
 S
h
e
a
r
 (
k
ip
)
Drift (%)
Including cyclic fracture Not including cyclic fracture
-400
-300
-200
-100
0
100
200
300
400
-3 -2 -1 0 1 2 3
B
a
se
 S
h
e
a
r
 (
k
ip
s)
Drift (%)
Including cyclic fracture Not including cyclic fracture
-400
-300
-200
-100
0
100
200
300
400
-6 -4 -2 0 2 4 6
B
a
se
 S
h
e
a
r
 (
k
ip
s)
Drift (%)
Including cyclic fracture Not including cyclic fracture
  
376 
  
 
(a) 
 
 
 (b) 
 
Figure 8-5  Longitudinal steel reinforcement material models utilized in prototype wall 
structure models: (a) including fracture of steel reinforcement; (b) not 
including fracture of steel reinforcement 
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(a) 
 
 
(b) 
 
Figure 8-6  Post-tensioned steel material models utilized in prototype wall structure 
models: (a) including fracture of post-tensioned steel; (b) not including 
fracture of post-tensioned steel 
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(a) 
 
 
 
(b) 
 
Figure 8-7  Base moment versus drift for 5-story prototype wall structures due to 
gravity load variations: (a) PW1_Int_5S_R5; (b) PW1_Ext_5S_R5 
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(a) 
 
 
 
(b) 
 
Figure 8-8  Base moment versus drift of 10-story prototype wall structures due to 
gravity load variations: (a) PW1_Int_10S_R5; (b) PW1_Ext_10S_R5 
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Figure 8-9  Yielding of post-tensioned steel with lumped and distributed models of 
post-tensioned steel in PW2_Int_5S_R5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10000
20000
30000
40000
50000
60000
70000
0 1 2 3 4 5
B
a
se
 M
o
m
e
n
t 
(k
ip
-f
t)
Drift (%)
First Yielding (Distributed) Lumped Distributed
Lumped 
Post-tensioned steel
Distributed 
Post-tensioned steel
  
381 
  
 
Figure 8-10  Collapse fragility curves of PW1_Int_5S_R5 for cases including or 
excluding fracture of longitudinal steel reinforcement and shear failure in 
prototype wall structure models 
 
 
 
Figure 8-11  Collapse fragility curves of PW1_Int_5S_R5 with different fracture strains 
for post-tensioned steel in prototype wall structure models 
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CHAPTER 9 
NONLINEAR TIME HISTORY ANALYSIS OF PROTOTYPE WALL 
STRUCTURES 
This chapter presents nonlinear time history analysis (NLTHA) of the prototype wall 
structure models. The objectives of the analysis are to quantify the seismic performance 
of the prototype wall structures under the Design Basis Earthquake (DBE) and the 
Maximum Considered Earthquake (MCE) and to quantify the collapse capacity of the 
prototype wall structures.  
The NLTHA uses a ground motion set, which is described first, followed by a discussion 
of the ground motion scaling. Then the collapse criteria are defined. Consequently, the 
results of NLTHA of the prototype wall structure models are discussed. Next, 
Incremental Dynamic Analysis (IDA) and static pushover (SP) analysis results for the 
prototype wall structure models are presented. Finally, a collapse assessment of the 
prototype wall structures is presented. 
9.1 GROUND MOTION 
The set of far-field ground motions from FEMA P695 (2009) is used in the NLTHA. The 
ground motion set includes 22 pairs of ground motions (i.e., 44 ground motion records), 
which are shown in Table 9-1. The location, the magnitude, the year of occurrence, the 
recording station, and the horizontal component directions for each ground motion pair 
are listed in the table. In the following section, the scaling method for the ground motion 
set used in the NLTHA is described.  
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9.1.1 Ground Motion Scaling for DBE and MCE NLTHA 
The scaling method for the ground motion set to represent the DBE (ground motion with 
a return period of about 500 years) and MCE (ground motion with a return period of 
about 2500 years) in the NLTHA is based on ASCE 7-10 (ASCE 2010). For two-
dimensional dynamic analysis, ASCE 7-10 (ASCE 2010) requires a minimum of three 
ground motions to be used in the dynamic analysis and this requirement is satisfied by 
using 44 ground motions.  
Before scaling the ground motion set, the ground motion set was normalized using the 
procedure specified in FEMA P695 (2009). The normalization is aimed, according to 
FEMA P695 (2009), to remove the uncertainty due to “inherent differences in event 
magnitude, distance to source, source type and site conditions, without eliminating 
overall record-to-record variability.” “Normalization” is the process in which each 
ground motion in the ground motion set is scaled with respect to the peak ground velocity 
(PGV) shown in Table 9-2. Each PGV value in Table 9-2 is the geometric mean of the 
PGV of each of the two horizontal components of each ground motion pair “considering 
different record orientations” (FEMA P695). The following relationship is used to 
calculate the normalization factors: 
 NMi=Median(PGV)/PGVi     (FEMA P695 eq. A-2)            (9.1) 
where NMi is the normalization factor for the two un-normalized horizontal components 
of the ith ground motion pair in the ground motion set; Median(PGV) is the median of the 
PGV values in Table 9-2; and PGVi is the peak ground velocity listed in Table 9-2 for the 
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ith ground motion pair in the ground motion set. Table 9-2 shows the normalization 
factors that are used (FEMA P695).  
After normalization, the ground motion set was scaled according to the following ASCE 
7-10 (ASCE 2010) provision: 
The ground motions shall be scaled such that the average value of the 5 percent 
damped response spectra for the suite of motions is not less than the design 
response spectrum for the site for periods ranging from 0.2T to 1.5T where T is 
the natural period of the structure in the fundamental mode for the direction of 
response being analyzed. 
 
In this study, the median 5 percent damped response spectra of the ground motion set is 
used to represent the “average value.” The fundamental period, T1, from eigenvalue 
analysis is used in determining the period range (0.2T1 to 1.5T1) for scaling. It is noted 
that the period T1  is larger than the design period, T, as shown in Table 9-3. 
To achieve the requirements from the ASCE 7-10 (ASCE 2010) provision above, the 
scale factor for the ground motion set for each prototype wall structure numerical model 
is calculated as follows: 
 
SFk = max (
Sad(Tj)
median(Sagmi(Tj))
) (9.2) 
where SFk is the scale factor for the ground motion set for NLTHA of prototype wall 
structure model k; Sad(Tj) is the design spectral acceleration at the period Tj with Tj ∈ 
(0.2T1…1.5T1) and j varying from 1 to 100, indicating that 100 periods between 0.2T1 
and 1.5T1 were considered; Sagmi(Tj) is the 5 percent damped response spectrum for 
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ground motion i at period Tj with i ∈ (1,2…44); and median (Sagmi(Tj) is the median Sa 
value over the set of 44 ground motions. 
Table 9-4 shows the scale factors for the ground motion set, for each prototype wall 
structure, which are applied to each ground motion in the set after normalization. Scale 
factors of 1.75 and 2.63 are used for the 5-story prototype wall structure models for DBE 
and MCE, respectively. For the 10-story prototype wall structures, ground motion scale 
factors of 2.08 and 3.12 are used for the DBE and MCE, respectively. 
Figure 9-1 shows the DBE and MCE response spectrum according to ASCE 7-10 (2010) 
and the median 5 percent damped response spectrum for the scaled ground motion set 
used for the 5-story prototype wall structures. From the figure it can be seen that the 
median 5 percent damped scaled response spectrum, over the period range 0.2T1 to 1.5T1 
is higher than the ASCE 7-10 response spectrum as required by ASCE 7-10 (2010). It can 
also be seen in Figure 9-1 that over the period range of 0.2 second to 0.6 second, the 
median 5 percent damped scaled response spectrum is significantly higher than the design 
response spectrum. 
Figure 9-2 shows the DBE and MCE response spectrum according to ASCE 7-10 (2010), 
and the median 5 percent damped response spectrum for the scaled ground motion set 
used for the 10-story prototype wall structures. The median 5 percent damped scaled 
response spectrum over the period range 0.2T1 to 1.5T1 is higher than the ASCE 7-10 
response spectrum. There are also significant differences between the two spectra over 
the period range of 0.2 second to 0.6 second. 
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9.1.2 Ground Motion Scaling for IDA 
The ground motion scaling procedure for the IDA is from FEMA P695 (2009). The 
procedure involves two steps, namely, “normalization” and “scaling”. The ground 
motions were “normalized” as described in the previous section. The “scaling”, according 
to FEMA P695 (2009), is a process where “the set of normalized ground motion records 
to be collectively scaled upward (or downward) to the point that causes 50% of the 
ground motions to collapse the archetype analysis model being evaluated.” 
9.2 COLLAPSE CRITERIA 
Two different criteria are used to determine collapse of the prototype wall structures 
during the IDA. The first criterion is based on maximum story drift and the second 
criterion is based on shear deformation in the wall. The story drift criterion follows the 
recommendation in FEMA P695 (2009) where a story drift greater than or equal to 10% 
is considered to be the collapse point of the IDA. The shear deformation criterion is based 
on the tests of Wall 1 and Wall 2. A shear deformation of more than 12 inch within the 
ZLE of the prototype wall structure numerical models (described in Chapter 8) is 
considered to be the collapse point, of the IDA. Preliminary studies showed that the IDA 
results were not sensitive to the limit of shear deformation that was selected (i.e., 4 inch, 
6 inch, 12 inch, etc.). During the IDA, the prototype wall structures are considered to 
have collapsed whenever one or both of these criteria is reached.  
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9.3 DBE AND MCE ANALYSES AND RESULTS 
In the NLTHA of the prototype wall structures under the DBE or the MCE, gravity load 
analysis was performed first, followed by the NLTHA. Newmark-beta integration was 
used with β=0.25 and γ=0.5 (average constant acceleration). The Newton-Krylov solution 
algorithm was used for the NLTHA and the Norm-Displacement increment with a 
tolerance of 10-8 was used to establish the accuracy of the analysis. In the following 
section, results of the NLTHA of the prototype wall structures are presented and 
discussed. 
9.3.1 Story Drift and First Story Drift 
The time history plots of the first story drift for PW1_Int_5S_R5 and PW1_Int_5S_R7 
under the DBE and MCE are shown in Figures 9-3 and 9-4, respectively. These plots 
show typical time history results for the prototype wall structures from NLTHA. 
A statistical summary of the peak story drifts for each prototype wall structure under the 
DBE and MCE is shown in Table 9-5. The summary consists of median, mean, and 
median plus one standard deviation values. Under the DBE, the median and mean peak 
story drifts of all prototype wall structures satisfy the 2% drift limit for the DBE from 
ASCE 7-10 (ASCE 2010). It is noted in Table 9-5 that the median plus one standard 
deviation of the peak story drift of PW2_Int_5S_R5 for the MCE is higher than that of 
PW2_Int_5S_R7. This result is from including a 10% peak story drift from collapse of 
PW2_Int_5S_R5 under the HEC090 ground motion within the data used to calculate the 
standard deviation.    
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It is noted that a story drift greater than 1.5% might imply damage to non-structural 
elements in the prototype buildings and could affect the potential to occupy the building 
after a DBE-level earthquake. To check the structural damage in the prototype wall 
structures in the plastic hinge region of the walls, a statistical summary of the peak first 
story drift is utilized.  
Table 9-6 shows the statistical summary of the peak first story drift for each prototype 
wall structure under the DBE and MCE. It can be seen in Table 9-6 that the median and 
mean first story drifts are smaller than 1.5% and are also smaller than the peak story 
drifts in Table 9-5. These results suggest that the peak story drift mostly occurred in the 
upper stories.  
The corresponding expected damage (based on the experimental results) for the given 
median and mean peak first story drifts for the DBE can be seen in Figures 9-5 and 9-6. 
For a story drift of 0.8% to 1.35%, the related damage in the prototype wall structures 
could include shear and flexural-shear cracks with relatively small width in addition to 
some concrete cover spalling at the edge of the boundary elements. 
Table 9-6 shows that the largest median and mean peak first story drifts under the MCE 
are 1.70% and 2.14%, respectively. It is noted that a large median plus one standard 
deviation value for PW2_Int_5S_R5 under the MCE is due to a large first story drift 
(9.8%) at collapse which was included . The expected damage in the prototype wall 
structures corresponding to these story drifts based on Figures 9-5 and 9-6 are an increase 
in the number of shear and flexural-shear cracks accompanied by an increase in crack 
  
389 
  
width and concrete cover spalling in the boundary elements. Nevertheless, no significant 
damage in the prototype wall structures is observed that could cause collapse.  
Based on the median and mean peak story drifts and peak first story drifts in Tables 9-5 
and 9-6, the following is observed. The prototype wall structures that were designed with 
R = 5 generally have better performance in terms of drift and the resulting structural 
damage state than the prototype wall structures that were designed with R = 7. The 
prototype wall structures that have small total vertical force (see Table 8-6) are shown to 
have better performance in terms of drift and the resulting structural damage state than 
the prototype wall structures that have large total vertical force.   
It is noted that during NLTHA under the DBE, one occurrence of collapse was observed 
for PW2_Int_10S_R7 due to excessive flexural deformation (refer to rotation limit θ3 in 
Chapter 8) that trigger degradation of the shear capacity of the prototype wall structure 
models resulting in shear failure. The corresponding ground motion that caused collapse 
of PW2_Int_10S_R7 is the TCU045-E ground motion in Table 9-1. For other prototype 
wall structures, there was no collapse observed during NLTHA under the DBE. During 
NLTHA under the MCE, except for PW1_Int_5S_R5 and PW1_Int_5S_R7, the rest of 
the prototype wall structures were observed to have a collapse case. The collapse cases 
are due to either excessive story drift or excessive flexural deformation that triggers 
degradation of the shear capacity in the prototype wall structure models.   
9.3.2 Residual Story Drift 
Table 9-7 shows a statistical summary of the maximum residual story drifts for all 
prototype wall structures under the DBE and MCE. The median and mean maximum 
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residual story drifts under the DBE and MCE are generally very small, which suggest a 
good self-centering capacity of the prototype wall structures.  
In Table 9-7, the maximum residual story drifts for the 5-story prototype wall structures 
are shown to be smaller than those of the 10-story prototype wall structures. Moreover, 
the prototype wall structures designed with R = 5 and R = 7 are observed to have 
insignificant differences in the median maximum residual story drift with exception of 
the 10-story prototype wall structures, PW2_Int_10S_R5 and PW2_Int_10S_R7 that have 
large total vertical force (ηPtotal = 0.21, see Table 8-6). It is noted that the large median 
plus one standard deviation residual drifts observed in Table 9-7, specifically for the 
MCE, are due to large residual story drifts (10%) from collapse cases.  
9.3.3 Base Shear 
The nominal shear capacity, Vn, for the 5-story and 10-story prototype wall structures are 
2720 kips and 5590 kips, respectively. It is noted that there is no material overstrength 
included in the nominal shear capacity.  
The maximum base shear for the prototype wall structures under the DBE and MCE is 
shown in Table 9-8. It can be seen in Table 9-8 that the median maximum base shear for 
the 5-story prototype wall structures under the DBE and MCE is smaller than Vn. A 
similar trend is observed for the 10-story prototype wall structures, as shown in Table 9-
8, where the median maximum base shear is smaller than the nominal shear capacity Vn 
under the DBE and MCE. 
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9.3.4 Post-tensioned Steel Strain and Yield Force 
The fracture strain of the post-tensioned steel specified in the prototype wall structure 
models is 2%. As shown in Table 9-9, for the DBE and MCE, the median maximum post-
tensioned steel strains in the prototype wall structures are observed to be less than the 
fracture strain of 2%. These results indicate that there is no reduction of stiffness and 
strength in the prototype wall structures due to fracture of the post-tensioned steel. 
Table 9-10 shows the maximum normalized post-tensioned steel force in the prototype 
wall structures for the DBE and MCE. The nominal yield force, Ppy
nom, is used for the 
normalization. Ppy
nom is the product of the nominal yield stress of the post-tensioned steel, 
fpy
nom, and the post-tensioned steel area, Aps. It can be observed in Table 9-10 that the 
median maximum normalized post-tensioned steel force in the prototype wall structures 
under the DBE and MCE is less than 1.0 for all prototype wall structures. This implies 
that the post-tensioned steel in the prototype wall structures is still linear elastic at the end 
of the NLTHA. It can also be observed in Table 9-10 that the median maximum 
normalized post-tensioned steel force is slightly higher for the prototype wall structures 
designed with R = 7 than for the prototype wall structures designed with R = 5.  
9.4 IDA AND RESULTS 
IDA on the prototype wall structures were performed following the methodology in 
FEMA P695 (2009) for the collapse assessment of the prototype structures. Similar 
analysis parameters to those in the NLTHA for the DBE and MCE were used. The 
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collapse criteria previously described were incorporated in the analyses to determine the 
collapse point of the prototype wall structures. 
Figure 9-7 shows the typical IDA curves for a prototype wall structure. The curves relate 
the intensity measure, designated as IM, which is the median 5 percent damped spectral 
acceleration for the ground motion set at the design period T, to and the engineering 
demand parameter, designated as EDP, which is the maximum story drift. Using the strip 
method (Jalayer 2003), the median value of the EDP for any given IM can be estimated 
for developing the median IDA curve. Figure 9-8 shows a schematic distribution of the 
EDP for a given IM with the assumption that the distribution of the EDP follows a 
lognormal distribution. Applying the strip method to calculate the median values of EDP 
for any given IM will give the median IDA curves shown in Figure 9-9. It is noted that 
the median IDA curves in Figure 9-9 are plotted until a story drift of 3% since there are 
few maximum story drift data points available at larger IM (due to collapse of the 
prototype wall structure models). 
The median IDA curves for the 5-story and 10-story prototype wall structures are shown 
in Figure 9-9. In Figures 9-9(a) and 9-9(b), the median spectral accelerations 
corresponding to the MCE (SMT) are given as a horizontal dash line. It can be observed in 
Figure 9-9 that for a given spectral acceleration, the median maximum story drift for the 
prototype wall structures designed with R = 7 is higher than for the prototype wall 
structures designed with R = 5. In addition, it can be seen that PW1 generally has smaller 
median maximum story drift than PW2 particularly for the 5-story prototype wall 
structures.  
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Damage Fragility Curve 
To assess potential damage in the first story of the prototype wall structures at certain 
drift levels (based on the experimental results), fragility curves for first story drifts of 1%, 
2%, and 3% were developed. Using the strip method (Jalayer 2003), the median IM for a 
given first story drift was determined. Figure 9-10 shows the schematic distribution of the 
IM (assuming lognormal distribution) for a given first story drift. To provide missing IM 
values for a given first story drift, linear interpolation was used between two closest 
available IM values. It is noted that a lognormal standard deviation of for the IM (median 
5% damped spectral acceleration at T for the ground motion set) data, denoted βRTR of 
0.4, was used in constructing the fragility curves in Figures 9-11 and 9-12. βRTR of 0.4 is 
the lognormal standard deviation for the spectral acceleration at T at collapse from 
FEMA P695, and is used to account for dispersion in the results of NLTHA due to the 
variability of the ground motions (record-to-record variability).  
Figures 9-11 and 9-12 show the fragility curves for first story drifts of 1%, 2%, and 3%, 
for the 5-story and 10-story prototype wall structures, respectively. The following trends 
can be observed from the two figures. The first trend is that the prototype wall structures 
designed with R = 7 have smaller median spectral acceleration for a given first story drift 
than the prototype wall structures designed with R = 5. For example, the median spectral 
acceleration for a first story drift of 3% for PW1_Int_5S_R7 is about 2.6 g (Figure 9-
11(b)), which is less than the median spectral acceleration of about 3 g for 
PW1_Int_5S_R5 (Figure 9-11(a)). These results suggest that for a given spectral 
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acceleration, it is expected that there will be more damage in the prototype wall structures 
designed with R = 7 than in the prototype wall structures designed with R = 5. 
The second trend is related to the damage in PW1 and PW2 designed with similar R. 
Figures 9-11 and 9-12 show that PW2 has a lower median spectral acceleration than PW1 
for a given first story drift. For example, the median spectral acceleration for a first story 
drift of 3% for PW1_Int_5S_R5 is about 3.0 g which is greater than the median spectral 
acceleration of about 2.5 g for PW2_Int_5S_R5. Therefore, for PW1 and PW2 designed 
with similar R, more damage is expected in PW2 than in PW1 at a given spectral 
acceleration.  
The expected state of damage in the first story of the prototype wall structures (based on 
the experimental results) that corresponds to a given first story drift is shown in Figures 
9-5 and 9-6. Insignificant damage is expected at a first story drift of about 1%, including 
concrete cracks with small widths and some concrete cover spalling at the edge of the 
boundary elements. At a first story drift of about 2%, the width of the concrete cracks is 
greater but not significant. In addition, there is an increase in concrete cover spalling at 
the edge of the boundary elements. No collapse of the prototype wall structures is 
expected at first story drift of about 3% although there is increase in the widths of the 
concrete cracks are much larger with increase loss of the concrete cover, and the 
possibility of buckling and fracture of the longitudinal steel reinforcement, in the 
boundary elements. 
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Collapse Fragility Curve 
Based on the IDA results for each prototype wall structure similar to those shown in 
Figure 9-7, an approximate collapse fragility curve was constructed for each prototype 
wall structure. Figure 9-13 shows a typical collapse fragility curve. βRTR of 0.4 was used 
in constructing this curve and the curves in Figure 9-14. 
Figure 9-14 shows the collapse fragility curves for all prototype wall structures. The 
following are several observations based on these fragility curves. The median 5 percent 
damped spectral acceleration at collapse, SCT, for the 5-story prototype wall structures is 
similar for prototype wall structures that are designed with the same R. For example, 
PW1_Int_5S_R5 and PW2_Int_5S_R5 walls have SCT values of 3.78 g and 3.68 g, 
respectively, as given in Table 9-11. In addition, as shown in Figures 9-14(a) and Table 
9-11, the 5-story prototype wall structures that were designed with R = 7 have smaller 
SCT values than the 5-story prototype wall structures designed with R = 5.  
The 10-story prototype wall structures that were designed with the same R have different 
SCT. For example, the SCT values for PW1_Int_10S_R5 and PW2_Int_10S_R5 are 2.90 g 
and 2.35 g, respectively, as given in Table 9-11. In addition, the 10-story prototype wall 
structures designed with R = 7  have smaller SCT values than the 10-story prototype wall 
structures designed with R = 5, as shown in Figure 9-14(b) and Table 9-11. It is noted 
that a lower SCT value implies a higher probability of collapse. 
The collapse fragility curves are used to determine the SCT values that are utilized to 
calculate the collapse margin ratio (CMR) for the collapse assessment. CMR is the ratio 
of SCT to SMT where SMT is the spectral acceleration at design period T from the MCE 
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ASCE 7-10 spectrum shown in Figures 9-1(b) and 9-2(b). The CMR for each prototype 
wall structure is tabulated in Table 9-11.  
9.5 PUSHOVER ANALYSIS 
In the collapse assessment methodology from FEMA P695 (2009), data from pushover 
analyses of the prototype wall structures are required to estimate the period-based 
ductility, μT. μT is used for two purposes. The first purpose is to estimate the total system 
collapse uncertainty, βTOT. βTOT is used to determine the acceptable collapse margin ratio 
with 10% probability (ACMR10%). The second purpose is to determine the spectral shape 
factor (SSF). SSF is used for calculating the adjusted collapse margin ratio (ACMR). μT 
is calculated as the ratio of the ultimate roof displacement, δu (from pushover analysis) to 
the effective yield roof displacement, δy,eff. 
Figure 9-15 shows a plot of the pushover analysis result for PW1_Int_5S_R5. In Figure 
9-15, the base shear is plotted against roof lateral displacement. From the plot, two values 
can be extracted, namely, the maximum base shear, Vmax, and the ultimate roof 
displacement, δu (defined as roof displacement at 80% of Vmax after Vmax is reached). 
Using these components, δy,eff and μT, can be determined as follows: 
 δy,eff=C0
Vmax
W
[
g
4π2
] (max(T,T1))
2
  (FEMA P695 eq. 6-7)           (9.3) 
 
C0=ϕ1,r
∑ mxϕ1,x
N
1
∑ mxϕ1,x
2N
1
     (FEMA P695 eq. 6-8)           (9.4) 
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μ
T
=
δu
δy,eff
 (9.5) 
where W is the building total seismic weight; g is the acceleration due to gravity; ϕ
1,x
 
(ϕ
1,x
) is the ordinate of the fundamental mode at floor x (roof); mx is the mass at floor x; 
and N is the number of stories. Note ϕ
1,r
 is ϕ
1,x
 at the roof. Eqs. 9.3, 9.4, and 9.5 were 
applied to determine μT for the the prototype wall structures. 
Table 9-11 summarizes the results of pushover analyses for all prototype wall structures, 
including μT and SSF. It is noted that SSF for each prototype wall structure was 
determined according to Tables 7-1a and 7-1b of FEMA P695 (2009). 
9.6 COLLAPSE ASSESSMENT 
Using the IDA results and the pushover analysis for the prototype wall structures, a 
collapse assessment of the prototype UPT cast-in-place concrete wall structures was 
performed. The ACMR was determined from the CMR by scaling it by the SSF given in 
Table 9-11. To quantify the collapse capacity of each archetype structures, ACMR is 
compared to ACMR10%, which is the ACMR at which 10% of structures similar to the 
prototype wall structures would collapse. 
ACMR10% is calculated based on the total system collapse uncertainty βTOT. According to 
FEMA P695 (2009), βTOT includes the contributions from uncertain parameters including 
design requirements variability, test data variability, and modeling variability, in addition 
to record to record variability, βRTR. Tables 7-2a to 7-2d of FEMA P695 (2009) show 
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βTOT for different combinations of these uncertain parameters, for a given βRTR of 0.4. 
Each parameter that contributes to the total system collapse uncertainty is quantified with 
a qualitative scale of superior, good, fair, and poor. For example, assuming fair modeling 
quality, good test data quality, and good design requirements will result in βTOT of 0.60.  
In this study, the uncertain parameters of modeling quality, test data quality, and design 
requirements were assumed to be “fair”, which gives a βTOT of 0.725. Based on βTOT of 
0.725, the ACMR10% for each prototype wall structure is determined from Table 7-3 of 
FEMA P695 (2009). ACMR10% for each prototype wall structure is tabulated in Table 9-
12. Since the values of ACMR exceed the values of ACMR10% in Table 9-12, it can be 
seen that all prototype wall structures satisfy the collapse assessment criterion, and 
prototype wall structures meet the performance objective of having low probability of 
collapse under the MCE. 
9.7 SUMMARY 
This chapter presents the NLTHA of the prototype wall structures. The prototype wall 
structures were analyzed under the DBE and MCE and collapse assessment was 
performed following the methodology in FEMA P695 (2009). 
Results from the NLTHA of the prototype wall structures under the DBE show that all 
prototype wall structures satisfy the story drift limit of 2% for the DBE from ASCE 7-10 
(ASCE 2010). The median peak story drift for the 10-story prototype wall structures is 
larger than that for the 5-story prototype wall structures. It was noted that the peak story 
drift occurs in the upper stories. 
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 The median peak first story drifts under the DBE for all prototype wall structures are 
shown to be less than 1.5% and in some cases the median peak first story drifts are less 
than 1%. These results suggest that the damage in the first story of the prototype wall 
structures is expected to be modest, which could include concrete cracks with small 
widths and concrete cover spalling at the edges of the boundary elements. For the MCE, 
the damage in the first story of the prototype wall structures is greater but should not 
cause collapse.  
The maximum residual story drifts are shown to be very small in the prototype wall 
structures under the DBE and MCE. The results indicate good self-centering capacity of 
the prototype wall structures. No fracture of the post-tensioned steel was observed and 
the post-tensioned was linear elastic at the end of MCE-level NLTHA.  
The nominal shear strength Vn of the prototype wall structures is generally higher than 
the median maximum base shear for the DBE and MCE. This implies that under at least a 
half of the number of ground motions in the ground motion set (22 ground motions) the 
shear capacity provided in the prototype wall structures satisfies the design requirement 
for preventing shear failure.  
The collapse fragility curve for each prototype wall structure was developed based on the 
IDA results. Observations on the collapse capacity with regard to the design of the 
prototype wall structures using different R values, different amounts of total vertical 
force, and different heights are summarized in the following.   
The prototype wall structures that were designed with R = 5 have better collapse capacity 
than the prototype wall structures that were designed with R = 7. The prototype wall 
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structures that were designed using R = 5 and with smaller total vertical force have better 
collapse capacity than the prototype wall structures that were designed using R = 7 and 
with larger total vertical force. As the height of the prototype wall structures increases, 
the differences in the collapse capacity increases for the prototype wall structures with 
different R values and different total vertical forces. 
The results of the collapse assessment show that all prototype wall structures satisfy the 
design objective of having a small probability of collapse under the MCE.
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Table 9-1  Far-field ground motion record set from FEMA P695 (2009) 
 
ID 
No. 
Earthquake ground motion pair 
Name M Year Recording station 
Component 
1 
Component 
2 
1 Northridge 6.7 1994 Beverly Hills-Mulhol MUL009 MUL279 
2 Northridge 6.7 1994 
Canyon Country-
WLC 
LOS000 LOS270 
3 Duzce, Turkey 7.1 1999 Bolu BOL000 BOL090 
4 Hector Mine 7.1 1999 Hector HEC000 HEC090 
5 Imperial Valley 6.5 1979 Delta H-DLT262 H-DLT352 
6 Imperial Valley 6.5 1979 El Centro Array #11 H-E11140 H-E11230 
7 Kobe, Japan 6.9 1995 Nishi-Akashi NIS000 NIS090 
8 Kobe, Japan 6.9 1995 Shin-Osaka SHI000 SHI090 
9 
Kocaeli, 
Turkey 
7.5 1999 Duzce DZC180 DZC270 
10 
Kocaeli, 
Turkey 
7.5 1999 Arcelik ARC000 ARC090 
11 Landers 7.3 1992 Yermo Fire Station YER270 YER360 
12 Landers 7.3 1992 Coolwater CLW-LN CLW-TR 
13 Loma Prieta 6.9 1989 Capitola CAP000 CAP090 
14 Loma Prieta 6.9 1989 Gilroy Array #3 G03000 G03090 
15 Manjil, Iran 7.4 1990 Abbar ABBAR--L ABBAR--T 
16 
Superstition 
Hills 
6.5 1987 El Centro Imp. Co. B-ICC000 B-ICC090 
17 
Superstition 
Hills 
6.5 1987 Poe Road (temp) B-POE270 B-POE360 
18 
Cape 
Mendocino 
7.0 1992 Rio Dell Overpass RIO270 RIO360 
19 
Chi-Chi, 
Taiwan 
7.6 1999 CHY101 CHY101-E CHY101-N 
20 
Chi-Chi, 
Taiwan 
7.6 1999 TCU045 TCU045-E TCU045-N 
21 San Fernando 6.6 1971 LA-Hollywood Stor PEL090 PEL180 
22 Friuli, Italy 6.5 1976 Tolmezzo A-TMZ000 A-TMZ270 
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Table 9-2  PGV and normalization factors according to FEMA P695 (2009) 
 
ID No. 
Earthquake ground 
motion pair 
PGV 
(cm/s) 
Normalization factor 
1 Northridge 57.2 0.65 
2 Northridge 44.8 0.83 
3 Duzce, Turkey 59.2 0.63 
4 Hector Mine 34.1 1.09 
5 Imperial Valley 28.4 1.31 
6 Imperial Valley 36.7 1.01 
7 Kobe, Japan 36.0 1.03 
8 Kobe, Japan 33.9 1.10 
9 Kocaeli, Turkey 54.1 0.69 
10 Kocaeli, Turkey 27.4 1.36 
11 Landers 37.7 0.99 
12 Landers 32.4 1.15 
13 Loma Prieta 34.2 1.09 
14 Loma Prieta 42.3 0.88 
15 Manjil, Iran 47.3 0.79 
16 Superstition Hills 42.8 0.87 
17 Superstition Hills 31.7 1.17 
18 Cape Mendocino 45.4 0.82 
19 Chi-Chi, Taiwan 90.7 0.41 
20 Chi-Chi, Taiwan 38.8 0.96 
21 San Fernando 17.8 2.10 
22 Friuli, Italy 25.9 1.44 
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Table 9-3  Design period and fundamental period of prototype wall structures 
 
ID 
T 
(s) 
T1 
(s) 
PW1_Int_5S_R5 0.62 0.67 
PW1_Int_5S_R7 0.62 0.78 
PW2_Int_5S_R5 0.62 0.71 
PW2_Int_5S_R7 0.62 0.82 
PW1_Int_10S_R5 1.05 1.41 
PW1_Int_10S_R7 1.05 1.62 
PW2_Int_10S_R5 1.05 1.48 
PW2_Int_10S_R7 1.05 1.70 
 
 
 
Table 9-4  Ground motion set scale factors for DBE and MCE after normalization for 
prototype wall structures 
  
ID 
Scale factor 
DBE MCE 
PW1_Int_5S_R5 1.75 2.63 
PW1_Int_5S_R7 1.75 2.63 
PW2_Int_5S_R5 1.75 2.63 
PW2_Int_5S_R7 1.75 2.63 
PW1_Int_10S_R5 2.08 3.12 
PW1_Int_10S_R7 2.08 3.12 
PW2_Int_10S_R5 2.08 3.12 
PW2_Int_10S_R7 2.08 3.12 
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Table 9-5  Statistical summary of peak story drifts of prototype wall structures for 
DBE and MCE 
 
ID 
Peak story drift 
(%) 
DBE MCE 
Median Mean 
Median+
1 std. 
deviation 
Median Mean 
Median+
1 std. 
deviation 
PW1_Int_5S_R5 1.30 1.40 1.76 1.97 2.35 3.27 
PW1_Int_5S_R7 1.58 1.71 2.19 2.36 2.62 3.50 
PW2_Int_5S_R5 1.36 1.49 1.89 2.27 2.63 4.04 
PW2_Int_5S_R7 1.66 1.78 2.33 2.48 2.67 3.47 
PW1_Int_10S_R5 1.61 1.67 2.09 2.36 2.54 3.44 
PW1_Int_10S_R7 1.85 1.94 2.46 2.78 3.14 4.46 
PW2_Int_10S_R5 1.63 1.74 2.18 2.43 2.59 3.37 
PW2_Int_10S_R7 1.82 2.01 2.55 2.87 3.10 4.23 
 
 
 
 
Table 9-6  Statistical summary of peak first story drifts of prototype wall structures for 
DBE and MCE 
 
ID 
Peak first story drift 
(%) 
DBE MCE 
Median Mean 
Median+
1 std. 
deviation 
Median Mean 
Median+
1 std. 
deviation 
PW1_Int_5S_R5 0.76 0.87 1.13 1.26 1.62 2.52 
PW1_Int_5S_R7 0.92 1.08 1.42 1.52 1.78 2.62 
PW2_Int_5S_R5 0.86 0.96 1.29 1.39 1.96 3.18 
PW2_Int_5S_R7 1.05 1.19 1.64 1.66 1.94 2.60 
PW1_Int_10S_R5 0.88 0.96 1.24 1.32 1.62 2.44 
PW1_Int_10S_R7 0.98 1.13 1.45 1.55 2.10 3.34 
PW2_Int_10S_R5 0.93 1.06 1.44 1.44 1.70 2.31 
PW2_Int_10S_R7 1.04 1.27 1.68 1.70 2.14 3.09 
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Table 9-7  Statistical summary of maximum residual story drifts of prototype wall 
structures for DBE and MCE 
  
ID 
Maximum residual story drift 
(%) 
DBE MCE 
Median Mean 
Median+
1 std. 
deviation 
Median Mean 
Median+
1 std. 
deviation 
PW1_Int_5S_R5 0.02 0.03 0.05 0.05 0.08 0.16 
PW1_Int_5S_R7 0.04 0.04 0.06 0.06 0.07 0.11 
PW2_Int_5S_R5 0.02 0.02 0.03 0.04 0.55 1.90 
PW2_Int_5S_R7 0.02 0.08 0.22 0.06 0.30 0.61 
PW1_Int_10S_R5 0.08 0.09 0.14 0.10 0.18 0.57 
PW1_Int_10S_R7 0.08 0.10 0.15 0.13 0.43 1.70 
PW2_Int_10S_R5 0.09 0.15 0.32 0.15 0.27 0.55 
PW2_Int_10S_R7 0.11 0.32 0.63 0.27 0.57 1.29 
 
 
 
 
Table 9-8  Statistical summary of maximum base shear of prototype wall structures for 
DBE and MCE 
  
ID 
Maximum base shear  
(kip) 
DBE MCE 
Median 
Median+
1 std. 
deviation 
Median 
Median+
1 std. 
deviation 
PW1_Int_5S_R5 1730 2080 2240 2710 
PW1_Int_5S_R7 1420 1710 1910 2390 
PW2_Int_5S_R5 1830 2210 2350 3170 
PW2_Int_5S_R7 1540 1870 1990 3250 
PW1_Int_10S_R5 4040 4850 4840 5730 
PW1_Int_10S_R7 3610 4290 4510 8580 
PW2_Int_10S_R5 4260 6350 5170 9430 
PW2_Int_10S_R7 3700 4430 4560 7310 
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Table 9-9  Statistical summary of maximum post-tensioned steel strain of prototype 
wall structures for DBE and MCE  
 
ID 
Maximum post-tensioned steel strain 
(%) 
DBE MCE 
Median 
Median+
1 std. 
deviation 
Median 
Median+
1 std. 
deviation 
PW1_Int_5S_R5 0.67 0.71 0.73 0.87 
PW1_Int_5S_R7 0.69 0.75 0.77 0.89 
PW2_Int_5S_R5 0.67 0.73 0.76 1.02 
PW2_Int_5S_R7 0.70 0.76 0.79 0.93 
PW1_Int_10S_R5 0.65 0.69 0.70 0.88 
PW1_Int_10S_R7 0.67 0.71 0.73 0.87 
PW2_Int_10S_R5 0.65 0.69 0.71 0.79 
PW2_Int_10S_R7 0.67 0.77 0.72 0.89 
 
 
 
Table 9-10  Statistical summary of maximum normalized post-tensioned steel force of 
prototype wall structures for DBE and MCE 
 
ID 
Maximum normalized post-tensioned steel force 
DBE MCE 
Median 
Median+
1 std. 
deviation 
Median 
Median+
1 std. 
deviation 
PW1_Int_5S_R5 0.77 0.82 0.85 0.93 
PW1_Int_5S_R7 0.80 0.86 0.89 0.97 
PW2_Int_5S_R5 0.77 0.84 0.88 0.95 
PW2_Int_5S_R7 0.81 0.87 0.91 0.98 
PW1_Int_10S_R5 0.75 0.79 0.81 0.88 
PW1_Int_10S_R7 0.77 0.82 0.85 0.92 
PW2_Int_10S_R5 0.75 0.79 0.81 0.87 
PW2_Int_10S_R7 0.77 0.86 0.83 0.89 
 
 
 
 
 
 
 
 
  
407 
  
Table 9-11  Summary of collapse assessment parameters based on pushover analyses 
and IDA of prototype wall structures 
 
ID 
W 
(kip) 
Vmax 
(kip) 
δu 
(in) 
C0 
δy,eff 
(in) 
μT SSF 
SCT 
(g) 
SMT 
(g) 
CMR 
PW1_Int_5S_R5 4100 1260 26 1.45 1.97 13.4 1.38 3.78 1.45 2.60 
PW1_Int_5S_R7 5470 1230 26 1.45 1.92 13.7 1.38 3.39 1.45 2.33 
PW2_Int_5S_R5 4100 1220 19 1.45 2.11 9.2 1.38 3.68 1.45 2.53 
PW2_Int_5S_R7 5470 1190 19 1.45 2.07 9.3 1.38 3.35 1.45 2.31 
PW1_Int_10S_R5 12040 1950 52 1.52 4.77 10.9 1.48 2.90 0.86 3.38 
PW1_Int_10S_R7 15890 1860 52 1.52 4.56 11.4 1.48 2.59 0.86 3.02 
PW2_Int_10S_R5 12040 1980 34 1.51 5.32 6.4 1.42 2.35 0.86 2.74 
PW2_Int_10S_R7 15890 1930 33 1.51 5.20 6.4 1.42 1.91 0.86 2.23 
 
 
 
Table 9-12  Summary of collapse assessment results of prototype wall structures 
 
ID ACMR ACMR10%*  Pass/Fail 
PW1_Int_5S_R5 3.60 2.53 Pass 
PW1_Int_5S_R7 3.23 2.53 Pass 
PW2_Int_5S_R5 3.51 2.53 Pass 
PW2_Int_5S_R7 3.19 2.53 Pass 
PW1_Int_10S_R5 4.99 2.53 Pass 
PW1_Int_10S_R7 4.46 2.53 Pass 
PW2_Int_10S_R5 3.88 2.53 Pass 
PW2_Int_10S_R7 3.15 2.53 Pass 
*βtot = 0.725 
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(a) 
 
 
 
(b) 
 
Figure 9-1  ASCE 7-10 spectrum and median scaled spectrum for 5-story prototype 
wall structures: (a) DBE; (b) MCE 
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(a) 
 
 
 
(b) 
 
Figure 9-2  ASCE 7-10 spectrum and median scaled spectrum for 10-story prototype 
wall structures: (a) DBE; (b) MCE 
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(a) 
 
 
 
(b) 
 
Figure 9-3 First story drift time history for PW1_Int_5S_R5 under MUL009 ground 
motion: (a) DBE; (b) MCE 
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(a) 
 
 
 
(b) 
 
Figure 9-4 First story drift time history for PW1_Int_5S_R7 under MUL009 ground 
motion: (a) DBE; (b) MCE 
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Figure 9-5  Damage in Wall 1 when Wall 1 is at zero drift after 3rd cycle to drift level 
shown 
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Figure 9-6  Damage in Wall 2 when Wall 2 is at zero drift after 3rd cycle to drift level 
shown 
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Figure 9-7  Typical IDA curves for prototype wall structures (e.g., IDA curves for 
PW1_Int_5S_R5) 
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Figure 9-8  Median and dispersion of ln(θmax) for a given ln(Sa (T, 5%)) using strip 
method (Jalayer 2003) 
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 (a) 
 
 
 (b) 
 
Figure 9-9  Median IDA curves: (a) 5-story prototype wall structures; (b) 10-story 
prototype wall structures 
0
1
2
3
0 1 2 3
S
a
(T
, 
5
%
) 
(g
)
Max. Interstory Drift (%)
PW1_Int_5S_R5 PW1_Int_5S_R7
PW2_Int_5S_R5 PW2_Int_5S_R7
0
1
2
3
0 1 2 3
S
a
(T
, 
5
%
) 
(g
)
Max. Interstory Drift (%)
PW1_Int_10S_R5 PW1_Int_10S_R7
PW2_Int_10S_R5 PW2_Int_10S_R7
  
417 
  
 
 
Figure 9-10  Median and dispersion of ln(Sa (T, 5%)) for a given ln(θ1max) using strip 
method (Jalayer 2003) 
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(a) 
 
 
(b) 
 
 
(c) 
 
(d) 
 
Figure 9-11  Fragility curves for first story drift for 5-story prototype wall structures: (a) 
PW1_Int_5S_R5; (b) PW1_Int_5S_R7; (c) PW2_Int_5S_R5; (d) 
PW2_Int_5S_R7 
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(a) 
 
 
(b) 
 
 
(c) 
 
(d) 
 
Figure 9-12  Fragility curves for first story drift for 10-story prototype wall structures: 
(a) PW1_Int_10S_R5; (b) PW1_Int_10S_R7; (c) PW2_Int_10S_R5; (d) 
PW2_Int_10S_R7 
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Figure 9-13  Collapse fragility curve 
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Figure 9-14  Collapse fragility curves: (a) 5-story prototype wall structures; (b) 10-story 
prototype wall structures 
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Figure 9-15  Base shear versus roof displacement from pushover analysis to determine 
μT (e.g., pushover analysis result for PW1_Int_5S_R5)  
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CHAPTER 10 
SUMMARY AND CONCLUSIONS 
10.1 SUMMARY 
10.1.1 Motivation for Present Research 
Although cast-in-place concrete structural walls have large lateral stiffness and strength, 
substantial damage to concrete structural walls has been observed in past earthquakes. 
For a cast-in place concrete wall, softening of the lateral stiffness can be caused by 
yielding of the longitudinal steel reinforcement and nonlinear response of the concrete in 
compression. In addition, a cast-in-place concrete wall may have large residual drift after 
an earthquake, which may hinder the immediate use and occupancy of a building with 
cast-in-place structural walls after an earthquake. This study considered this potential 
limitation of cast-in-place concrete walls by using unbonded post-tensioned steel within a 
cast-in-place concrete wall. 
This study focuses on unbonded post-tensioned (UPT) cast-in-place concrete walls. A 
cast-in-place concrete UPT wall is expected to have improved self-centering response 
(smaller residual drift) compared to a conventional cast-in-place concrete wall and a UPT 
cast-in-place concrete wall is expected to have large ductility and energy dissipation 
capacity.  
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10.1.2 Research Objectives 
The objectives of this study are to investigate the lateral load response of UPT cast-in-
place concrete walls and to assess the collapse potential of buildings that incorporate 
UPT cast-in-place concrete walls as the main lateral force resisting system. The walls 
considered in this study are designed according to ACI 318-11 (ACI 2011) and ASCE 7-
10 (ASCE 2010). 
10.1.3 Research Scope 
The research involved experimental and numerical studies of UPT cast-in-place concrete 
walls. The experimental studies involved quasi-static cyclic tests of three reduced scale 
UPT cast-in-place concrete walls. The three walls are designated as Wall 1, Wall 2, and 
Wall 3. The numerical studies involved the development of prototype buildings with UPT 
concrete walls as the lateral force resisting system, the design of prototype UPT concrete 
walls and prototype wall structure models, nonlinear time history analysis (NLTHA) of 
the prototype wall structure models, and collapse assessment of the prototype building 
structures. A total of eight different prototype wall structures are used in the collapse 
assessment. 
10.2 FINDINGS 
10.2.1 Experimental Study Findings 
The following findings are based on the experimental results for Wall 1, Wall 2, and Wall 
3. 
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10.2.1.1 Wall Softening Behavior 
 The lateral stiffness of Wall 1 and Wall 2 was observed to soften due to damage 
in the walls that includes concrete cracking, spalling of the concrete cover at the 
ends of the walls, and yielding of the longitudinal steel reinforcement. 
 The lateral stiffness of Wall 3 was observed to soften due to damage in the walls 
that includes concrete cracking, spalling of concrete cover, and yielding of the 
longitudinal steel in addition to gap opening at the interface of the wall and the 
foundation block. 
10.2.1.2 Wall Self-centering Response 
 Wall 1 with post-tensioned stress of 0.08fc
 ′
 was observed to not self-center at drift 
level larger than 0.8%.  
 Wall 2 with post-tensioned stress of 0.15fc
 ′
 was observed to self-center better than 
Wall 1 at drift level larger than 0.8%. 
 Wall 3 with post-tensioned stress of 0.16fc
 ′
 was observed to self-center better than 
Wall 1 at drift level larger than 0.8%.  
 Wall 2 was observed to self-center better than Wall 3 at drift level larger than 
0.8%. 
10.2.1.3 Wall Energy Dissipation Capacity 
 Wall 1 was observed to have larger energy dissipation capacity (indicated by 
larger area within the hysteresis loops) than Wall 2 and Wall 3.  
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 Wall 2 was observed to have larger energy dissipation capacity (indicated by 
larger area within the hysteresis loops) than Wall 3. 
10.2.1.4 Concrete Cracking 
 The concrete cracks in Wall 1 and Wall 2 were shear and flexure-shear cracks. As 
the walls were pushed to a drift level larger than 0.3%, more of these cracks 
formed and became relatively wide.  
 The concrete cracks in Wall 3 were different than those of Wall 1 and Wall 2, due 
to different detailing of the longitudinal steel reinforcement in the boundary 
elements of Wall 3.  
 Until a drift level of about 0.5%, shear and flexure-shear cracks were not 
observed in Wall 3. 
10.2.1.5 Wall Moment Capacity 
 The moment capacity of Wall 1 is 52780 kip-in and the moment capacities of 
Wall 2 and Wall 3 are 43560 kip-in and 35700 kip-in, respectively.  
 The moment capacities of Wall 1 and Wall 2 from the experimental results were 
predicted by numerical models with difference of about 5%. 
10.2.1.6 Wall Failure Mode 
 The failure mode of Wall 1 was observed to be a shear failure along inclined 
cracks in the wall. 
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 The failure mode of Wall 2 was observed to be due to buckling and fracture of the 
longitudinal steel reinforcement.  
 The failure mode of Wall 3 was observed to be a shear failure. The shear failure 
occurred after significant concrete cover spalling in the boundary and web 
elements of the wall. 
10.2.2 Numerical Study Findings 
 The global responses of the wall numerical models were in good agreement with 
the experimental results when yield penetration of the longitudinal steel 
reinforcement into the foundation, buckling and fracture of the longitudinal steel 
reinforcement, and shear failure are included in the wall numerical models.  
 The results of pushover analyses of the prototype wall structure models show that 
variations in the stiffness and strength of the prototype UPT concrete walls due to 
gravity load variations are less than 2%. 
 The variations in the strength and stiffness of the prototype walls are less than 1% 
in the pushover analyses results of the prototype wall structure models, when the 
post-tensioned steel in the wall is modeled as a lumped group or distributed 
groups. 
 The results from Incremental Dynamic Analysis of a prototype UPT concrete wall 
show that the median collapse capacity of the wall varied by including different 
failure modes in the prototype wall structure model. 
 The results from Incremental Dynamic Analysis of a prototype UPT concrete wall 
show that a smaller median collapse capacity is achieved by including shear 
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failure in the prototype wall structure model than by including fracture of 
longitudinal steel reinforcement. 
 The results from Incremental Dynamic Analysis of a prototype UPT concrete wall 
structure show that modeling fracture of post-tensioned steel using 1% or 2% 
fracture strain limit has difference of about 1.6% on the median collapse capacity 
of the prototype wall structure. 
 The results from the NLTHA of the prototype UPT concrete walls under the DBE 
show that the median peak story drifts of all prototype UPT concrete walls satisfy 
the requirement of maximum 2.0% story drift specified in ASCE 7-10 (ASCE 
2010). 
 The results from the NLTHA of the prototype UPT concrete walls under the DBE 
show that the median peak first story drifts of the prototype walls are less than 
1.5%. 
 The results from NLTHA of the prototype UPT concrete walls under the MCE 
show that the median peak first story drifts of the prototype walls are not large 
enough to cause collapse. 
 The results from NLTHA of the prototype UPT concrete walls show that the 
median maximum residual drifts for the prototype walls are small, 0.11% under 
the DBE and 0.27% under the MCE. 
 Fracture of post-tensioned steel is not observed in the NLTHA results for the 
prototype UPT concrete walls under the DBE and MCE. 
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 The results from NLTHA of the prototype UPT concrete walls show that the 
nominal shear strength of the prototype walls in general is more than 20% higher 
than the median maximum base shear under the DBE. 
 The results from Incremental Dynamic Analysis of the prototype UPT concrete 
wall structures show that the prototype wall structures designed with R = 5 have 
more than 10% larger median collapse capacity than the walls designed with R = 
7. Nevertheless, the prototype wall structures designed with R = 5 and R = 7 
satisfy the FEMA P695 criteria for collapse prevention under the MCE. The 
results imply that R = 7 is acceptable for seismic design of UPT concrete walls, 
although further work considering a wider range of prototype buildings is needed 
to verify this finding. In addition, it should be noted that the prototype walls, as 
well as the test walls, were designed with significant shear overstrength. 
10.3 CONCLUSIONS 
Based on the experimental and numerical studies presented in this dissertation, the 
following are the major conclusions of the research: 
 The experimental results show that the lateral load response of UPT cast-in-place 
concrete walls characterized by excellent self-centering response at drift level less 
than 0.8% and by large energy dissipation capacity as indicated by large area 
within the hysteresis loops. The use of UPT steel is shown to reduce the residual 
drift of the walls. 
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 Experimental results show that UPT cast-in-place concrete walls are able to 
undergo drift larger than 3% before failure and at the drift level reached under the 
DBE, the damage in the walls was not serious. 
 Experimental results show that damage in a UPT cast-in-place concrete wall is 
more like damage in a conventional cast-in-place concrete wall than damage in a 
UPT precast concrete wall. This is due to the use of bonded longitudinal steel 
reinforcement in the UPT cast-place concrete wall. 
 Using unbonded post-tensioned steel in a UPT cast-in-place concrete wall results 
in reliable wall response that is not sensitive to the variation of gravity load. 
 Using unbonded post-tensioned steel in a UPT cast-in-place concrete wall results 
in excellent self-centering response under the DBE and MCE. 
 The UPT cast-in-place concrete walls developed in this research are shown to 
satisfy the collapse prevention criteria of FEMA P695 (2009).  
 Results from Incremental Dynamic Analysis of the prototype wall structures 
indicate that UPT concrete walls can be designed with R = 7 and satisfy the 
collapse prevention criteria of FEMA P695 (2009). 
10.4 ORIGINAL CONTRIBUTIONS OF RESEARCH 
This research has extended the body of knowledge on UPT cast-in-place concrete wall as 
follows: 
 The experimental results/data from this research help close the gap of knowledge 
on the seismic response of UPT cast-in-place concrete walls, and support the 
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development of future research and building code provisions for UPT cast-in-
place concrete walls. 
 The use of two point Gauss-Legendre integration in the fiber force-based beam-
column element for the calibrated wall numerical model approach has been shown 
to lead to good agreement between numerical simulation results and experimental 
results. Numerical simulations using the modeling approach have added more 
knowledge to the existing knowledge base for UPT cast-in-place concrete walls.  
 The NLTHA and collapse assessment results show the possibility of designing 
UPT cast-in-place concrete walls with an R value higher than 6, which may 
enable design engineers to design UPT cast-in-place concrete walls that are more 
efficient than conventional cast-in-place concrete walls.  
10.5 FUTURE WORK 
Based on the results of this research, some future research areas can be pursued to extend 
the understanding of UPT cast-in place concrete wall as follows: 
 Additional experimental research on UPT cast-in-place concrete wall to study 
different detailing of longitudinal steel reinforcement to reduce damage in a UPT 
cast-in-place concrete wall can be performed. Variations of detailing of 
longitudinal steel reinforcement that are based on Wall 3 can be used.  
 A broader collapse assessment study that considers a broader range (e.g., building 
height, seismic design category, and amount of post-tensioned force in the wall) 
of archetype structures that use UPT cast-in place concrete walls as the main 
lateral force resisting system can be performed.  
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